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 Defi nitions, regulations and health claims 
associated with dietary fi bre and 
wholegrain foods  
    J. W.   Van der Kamp,    TNO, The Netherlands, and      J.   Lupton,    Texas A&M 
University, USA   

   DOI:  10.1533/9780857095787.1.3 

  Abstract:  Consumers worldwide are becoming increasingly interested in healthy eating, 
and have consequently (re)discovered the value of wholegrain- based and fi bre- rich 
products. Governments and industry associations are developing regulations and 
guidelines for labelling, while authorities and scientifi c bodies are issuing and renewing 
dietary guidelines for recommended intake and assessing the numerous health claim 
proposals submitted by the industry. After a short outline on defi nitions and related 
analytical methods, this chapter presents an overview of the current state of affairs.  

   Key words:    dietary fi bre, wholegrain, labelling, dietary recommendations, 
health claims.   

    1.1  Introduction 
 For the past century, most cereal products have been based on fl our that consists 
mainly of the endosperm, that is, after removal of the outer parts of the kernel, 
bran and germ: the two parts containing most of the dietary fi bre and other 
bioactive components such as micronutrients and phytochemicals. Levels of these 
substances in wholewheat fl our are 2.5 to more than fi ve times higher than those 
in refi ned white fl our. 

 Consumers worldwide are becoming increasingly interested in healthy eating, 
and have consequently (re)discovered the value of wholegrain- based products. 
As a response, the food industry is developing a growing number of products 
associated with health benefi ts, including products high in dietary fi bre and whole 
grains, and consumption of wholegrain products is growing, both in countries 
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with a wholegrain tradition, such as those in northern Europe, and in countries 
where wholegrain was previously scarcely known.  Table 1.1  shows how the 
launches of new wholegrain products have grown exponentially over the past 
decade. 

 Governments and industry associations are developing regulations and 
guidelines for labelling, while authorities and scientifi c bodies are issuing and 
renewing dietary guidelines for recommended intake and assessing the numerous 
health claim proposals submitted by the industry.  

   1.2  Defi ning dietary fi bre and wholegrain 
 For several decades, no worldwide agreement on the defi nition of dietary fi bre or 
wholegrain could be obtained. For dietary fi bre, most parties involved endorsed a 
defi nition covering all carbohydrates that are non- digestible in the small intestine, 
but others wanted to include only remnants of edible plant cells, polysaccharide, 
lignin and associated substances, as being naturally present in plant- based foods. 
Similarly, for wholegrain, many countries only have very brief defi nitions dating 
back some years, such as ‘Wholegrain products include the entire germ, endosperm 
and bran. Grains that have been subjected to processing such as milling are also 
included.’ 

 As a basis for both the information given to consumers and the regulations 
relating to wholegrain and dietary fi bre, internationally agreed defi nitions and 
regulations in this area need to be established. This section outlines the defi nitions 
that have been drawn up in recent years for dietary fi bre and wholegrain and 
adopted by a number of countries. 

   1.2.1  Defi nitions of dietary fi bre 
 In 2009, Codex Alimentarius adopted the following defi nition of dietary 
fi bre:

    Table 1.1     Wholegrain new product launches by category  

 Category  2000  2002  2004  2006  2008  2010  2011 

 Baby food  3  7  8  29  55  86  102 
 Bakery  84  158  337  639  1092  1248  1228 
 Breakfast cereals  37  74  175  414  824  971  1039 
 Meals and entrees  7  11  25  71  127  116  129 
 Side dishes  18  47  49  127  250  277  287 
 Snacks  2  17  57  286  435  485  484 
 Other  13  7  23  35  100  89  109 
 Total  164  321  674  1601  2883  3272  3378 

   Source: Whole Grains Council. 
 http://www.wholegrainscouncil.org/newsroom/whole- grain-statistics .     
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  Dietary fi bre consists of carbohydrate polymers a  with ten or more monomeric units b , 
which are not hydrolyzed by the endogenous enzymes in the small intestine of 
humans and belong to the following categories:

   •   Edible carbohydrate polymers naturally occurring in the food as consumed;  
  •   Carbohydrate polymers which have been obtained from food raw material by 

physical, enzymatic or chemical means and which have been shown to have a 
physiological effect of benefi t to health as demonstrated by generally accepted 
scientifi c evidence to competent authorities, and;  

  •   Synthetic carbohydrate polymers which have been shown to have a physiological 
effect of benefi t to health as demonstrated by generally accepted scientifi c 
evidence to competent authorities.    

  a   When derived from a plant origin, dietary fi bre may include fractions of lignin and/or other 
compounds when associated with polysaccharides in the plant cell walls and if these compounds 
are quantifi ed by the American Association of Analytical Chemists (AOAC) gravimetric 
analytical method for dietary fi bre analysis: Fractions of lignin and the other compounds 
(proteic fractions, phenolic compounds, waxes, saponins, phytates, cutin, phytosterols, etc.) 
intimately “associated” with plant polysaccharides in the AOAC 991.43 method. 

  b   Decision on whether to include carbohydrates of 3 to 9 monomeric units should be left up to 
national authorities. 

 (Codex Alimentarius, 2011)   

 Prior to this, in November 2008 the European Union had also agreed on a 
defi nition of dietary fi bre, which was similar to the Codex defi nition. The EU 
has decided to include all carbohydrates with three or more monomeric units (EU, 
2008). A range of other countries, including China, Japan and Canada, have also 
chosen to include non- digestible carbohydrates with degree of polymerisation 
(DP) > 2. 

 In the debates surrounding the defi nition of dietary fi bre, the health benefi ts of 
fi bres present in foods such as fruit, vegetables, potatoes and wholegrain products 
were considered as generally accepted, whereas questions were raised about the 
health benefi ts of isolated and synthetic non- digestible carbohydrates. Therefore 
for these categories the Codex Alimentarius defi nition includes the requirement 
that these must ‘have been shown to have a physiological effect of benefi t to 
health as demonstrated by generally accepted scientifi c evidence to competent 
authorities’. The same requirement has also been included in most other recent 
defi nitions.  

   1.2.2  Defi nitions of wholegrain 
 In addition to the short defi nitions of some decades ago, recently more 
comprehensive defi nitions have been developed in a number of countries, 
including items such as a positive list of the grains included and specifi cations of 
allowed processes. Characteristics of a number of these defi nitions are given 
in  Table 1.2 . 
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    Table 1.2     Defi nitions of wholegrain  

 Who and what  What qualifi es as a whole grain?  Which grains are 
included? 

 Germany, 1961 
 DIN #10355 
Mahlerzeugnisse 
(considered a 
standard defi nition 
but not a law) 
 USA 1999 
 AACC International 

 Wholemeal fl our and wholemeal break 
fl our must include all components of 
the cleaned kernels, including the 
germ. The pericarp of the grain kernels 
can be removed before the processing. 
 Whole grains shall consist of the intact, 
ground, cracked or fl aked caryopsis, 
whose principal anatomical components 
– the starchy endosperm, germ and 
bran – are present in the same relative 
proportions as they exist in the intact 
caryopsis. 

 All plants from the 
 Poaceae  ( Gramineae ) 
family plus the 
pseudocereals 
amaranth, buckwheat, 
and quinoa. 

 USA, 2004 
 Whole Grains 
Council 
 (Whole Grains 
Council, 2004) 

 Whole grains or foods made from them 
contain all the essential parts and 
naturally- occurring nutrients of the 
entire grain seed. If the grain has been 
processed (e.g., cracked, crushed, 
rolled, extruded, and/or cooked), the 
food product should deliver 
approximately the same rich balance 
of nutrients that are found in the 
original grain seed. 

 All plants from the 
 Poaceae  ( Gramineae ) 
family plus the 
pseudocereals 
amaranth, buckwheat, 
and quinoa.  Note: 
This list is not meant 
to be comprehensive, 
but to include those 
grains most familiar 
to consumers. Other 
cereal grasses from 
the Poaceae (or 
Gramineous) family, 
such as canary seed, 
Job’s tears, Montina, 
Timothy, fonio, etc. 
are also whole grains 
when consumed with 
all of their bran, germ 
and endosperm.  

 UK 2010 
 The Institute of 
Grocery Distribution 
 (IGD, 2007) 

 [Whole grain] refers to the edible entire 
grain after removal of inedible parts 
such as the hull and glume. It must 
include the entire germ, endosperm and 
bran. Temporary separation of whole 
grain constituents during processing for 
later recombination is acceptable 
provided the proportions of the germ, 
endosperm and bran are the same or 
virtually the same as in the original 
grain. Simply adding together these 
three whole grain constituents as 
separate ingredients does not constitute 
a whole grain and making a claim that it 
does could be misleading to consumers. 

 Amaranth, barley, 
buckwheat, maize, 
millet, oats, quinoa, 
rye, sorghum, teff, 
triticale, brown rice, 
wheat, wild rice. 
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 Denmark, 2007 
 Danish National Food 
Institute ( www.food.
dtu.dk ) 
 (Whole Grains 
Council, 2007a) 

 Wholegrain is defi ned as intact and 
processed (dehulled, ground, cracked, 
fl aked or the like) grains, where the 
components endosperm, bran and 
germ are present in the same 
proportions as in the intact grain. 

 Includes grain seeds 
from the following 
genera of the grass 
family  Gramineae : 
barley ( Hordeum ), oat 
( Avena ), wheat 
( Triticum ), rye 
( Secale ), rice ( Oryza ), 
millet ( Panicum ), 
maize ( Zea ; only as 
dried maize) and 
sorghum ( Sorgum ) (no 
wild rice and no 
pseudocereals). 

 Scandinavian keyhole  A whole grain is defi ned as intact and 
processed (dehulled, ground, cracked, 
fl aked, or the like) products where 
endosperm, germ, and bran are present 
in the same proportions as in the intact 
grain. If these fractions are separated 
under processing, they should be added 
back so that the fi nal product has 
approximately the same relative 
proportions of the three parts as in the 
intact grain. 

 The whole grain 
defi nition includes the 
following wholegrain 
cereals: wheat, rye, 
oats, barley, maize 
(dry seeds), rice, 
millet, and sorghum. 
Wild rice, quinoa, 
amaranth, and 
buckwheat are not 
included. 

 EU, 2010 
 HEALTHGRAIN 
 (HEALTHGRAIN, 
2010) 

 Whole grains shall consist of the intact, 
ground, cracked or fl aked kernel after 
the removal of inedible parts such as 
the hull and husk. The principal 
anatomical components – the starchy 
endosperm, germ and bran – are present 
in the same relative proportions as they 
exist in the intact kernel. Small losses 
of components – that is, less than 2% of 
the grain/10% of the bran – that occur 
through processing methods consistent 
with safety and quality are allowed. 

 The same grains as in 
the AACC/FDA 
defi nition. 

 Australia 
New Zealand Food 
Standards Code 

 Wholegrain means the intact grain 
or the dehulled, ground, milled, 
cracked or fl aked grain where the 
constituents – endosperm, germ and 
bran – are present in such proportions 
that represent the typical ratio of those 
fractions occurring in the whole cereal, 
and includes wholemeal.  
 Wholemeal means the product 
containing all the milled constituents of 
the grain in such proportions that it 
represents the typical ratio of those 
fractions occurring in the whole cereal. 
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  Grains included 
 All defi nitions of wholegrain are restricted to cereal and pseudo- cereal grains, that 
is, the grains where, generally, the outer layers (the bran and endosperm) can be 
removed. The UK IGD Guideline (2007) and the HEALTHGRAIN (2010) 
defi nition adopted the list of grains included given in the American Association 
of Cereal Chemists (AACC) defi nition above. The defi nition proposed by the 
Whole Grains Council included this in a more fl exible way by stating: ‘this list is 
not meant to be comprehensive, but to include those grains most familiar to 
consumers. Other cereal grasses from the  Poaceae  (or Gramineous) family, such 
as canary seed, Job’s tears, Montina, Timothy, fonio, etc. are also whole grains 
when consumed with all of their bran, germ and endosperm’ (Whole Grains 
Council, 2004). 

 The grains included in the AACC defi nition are also included in the Food 
and Drugs Administration (FDA) whole grain health claim. However, the 
HEALTHGRAIN defi nition, including the same grains as the AACC defi nition, 
explicitly states: ‘This whole grain defi nition is expected to be useful in the 
context of nutrition recommendations and guidelines and nutrition claims. Health 
claims, on the other hand, must be based on documentation of specifi c effects of 
grains or grain components in the diet.’ Also, in the UK and Scandinavia a larger 
set of grains is included in defi nitions made for labelling purposes than in those 
made for the purpose of health claims used before the EU adopted Regulation 
1924/2006 on nutrition and health claims (EU Corrigendum, 2006). Starting from 
the public health perspective, products prepared with whole grains or wholemeal 
fl ours of all cereal and pseudo- cereal grains are to be preferred over their 
counterparts based on refi ned grains. Within this context broad defi nitions, 
such as those of AACC, HEALTHGRAIN and IGD, are appropriate. However, 
with strict regulations, as in the EU, these broad defi nitions are not applicable 
for health claims. Also, when consumption of whole grains is mentioned as a 
preferred way for realising an adequate intake of dietary fi bre, as is recommended, 
for example, by the World Health Organization (WHO) (2003) and the Health 
Council of the Netherlands (2006), only a more restricted list of grains will 
qualify.  

  Processing 
 The Australia New Zealand Food Standards Code restricts the use of the term 
wholegrain to products made with intact grain kernels. For other products the 
term ‘wholemeal’ should be used instead. Other defi nitions use wholegrain to 
refer to processed grains as well, including ground, milled and fl aked grains. 
Germanic languages, like German, Dutch, Danish and Swedish, use terms like 
Vollkorn (German) and Fuldkorn (Danish) to describe both intact and processed 
kernels. 

 Over 90% of the wholegrain wheat, corn and rye fl our in food supply chains is 
created through milling processes in which kernels are broken, separated 
into milling streams containing endosperm- rich (white) fl our, germ and various 
bran fractions, and recombined in fi xed ratios. For fl our with a long shelf life, 
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rancidity- promoting enzymes in the germ are inactivated by heat treatment of the 
germ fraction. This ‘modern milling’ process ensures a longer shelf life and 
constant fl our quality in terms of composition and processability compared with 
the traditional stone- ground process, in which grain is milled without separation 
and recombination. Recombination may take place both at the fl our mill and 
during production of the fi nal product. With this production process the recombined 
fl our may be composed of white fl our, germ and bran originating from different 
batches of the grain. 

 In the HEALTHGRAIN (2010) defi nition small losses of components – that is, 
less than 2% of the grain / 10% of the bran – that occur through processing 
methods consistent with safety and quality are allowed. This option is included 
because the very outer pericarp layer is removed in order to decrease levels of 
contaminants that may be concentrated in this layer, such as mycotoxins or 
agrochemicals. Similar losses are also allowed in defi nitions used in Switzerland 
and Germany, but not in other defi nitions. 

 Occasionally the question is raised whether recombination should be allowed 
for wholegrain products, since the fi nal composition may be not exactly the same 
as that of wholemeal fl our produced by stone- ground processing. This issue was 
discussed in depth when the most recent defi nition, issued by HEALTHGRAIN, 
was drafted. The reasons put forward for including recombination were:

   •   The great majority of the research supporting the health benefi ts of whole 
grains has been based on consumption of foods made with recombined whole 
grains. This holds for all epidemiology studies, since recombination is being 
applied for (almost) all commonly consumed products and also for most 
clinical trials.  

  •   The composition of wholegrain fl our of one type of grain shows major 
variations. Studies before HEALTHGRAIN, and in HEALTHGRAIN with a 
focus on wheat, have shown that the composition of wholegrain is affected by 
both genetic (cultivar) and environmental factors. In the HEALTHGRAIN 
studies (Ward  et al. , 2008), cultivars could be differentiated according to high 
and low levels of fi bre and other bioactive substances: i) high fi bre, high 
bioactives; ii) high fi bre, low bioactives; iii) low fi bre, high bioactives; and iv) 
low fi bre, low bioactives. One may assume that wholemeal fl ours made by the 
recombination of fi xed ratios of milling streams will ensure a more consistent 
composition than that observed in fl ours made by stone- grinding of individual 
batches and cultivars.    

 When applied responsibly, recombination may produce a more consistent 
wholemeal composition; however, incorrect application may result in ‘wholemeal’ 
fl ours with levels of germ and/or bran far below the acceptable range. The 
HEALTHGRAIN defi nition therefore states that production of wholegrain fl ours 
and products must follow appropriate quality systems (Good Manufacturing 
Processes, and so on). The Whole Grains Council requires any company seeking 
to use the Whole Grain Stamp based on any reconstituted ingredients to sign 
a legal form attesting that all of the bran, germ and endosperm are present in 
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their original proportions, in line with the FDA defi nition of whole grain 
(FDA, 2006).  

  Future developments in wholegrain defi nitions 
 Since a Codex agreement for a defi nition can markedly contribute to international 
harmonisation, several parties asked Codex for a defi nition of wholegrain, as had 
been provided for dietary fi bre (outlined in Section 1.2.1). However, the Codex 
Committee on Nutrition and Foods for Special Dietary Uses decided in its 2010 
session that it would not be involved in defi ning wholegrain (CCNFSDU, 2010). 
The HEALTHGRAIN Forum – the association established in 2010 after the end 
of the HEALTHGRAIN EU project – is aiming to have the HEALTHGRAIN 
defi nition accepted as the EU defi nition. 

 The current defi nitions of wholegrain cover a large set of cereal grains: however, 
there is a growing need to establish wholegrain criteria and/or defi nitions for 
individual cereal grains, due to the request by food inspection agencies for analytical 
criteria for wholegrain fl ours and products. In Europe, the European Food Safety 
Authority (EFSA) requires a well- defi ned composition for any ingredients, foods 
or food categories claimed to have health benefi ts before these claims are approved.    

   1.3   Analysing the dietary fi bre and wholegrain 
content of food 

   1.3.1  Analysis of dietary fi bre content 
 Since the early 1980s, dietary fi bre has been analysed predominantly by using the 
AOAC Offi cial Method 985.29 and its modifi ed version AOAC 991.43, using 
organic buffers instead of phosphate buffers. These methods have been used for 
the great majority of fi bre values listed in food composition databases. In a number 
of countries fi bre is even defi ned as the sum of compounds analysed as such with 
the AOAC 985.29 method. 

 In the UK, fi bre was traditionally analysed with the Englyst method (Englyst 
and Hudson, 1996). This method mainly measures non- starch polysaccharide 
(NSP), giving lower estimates of dietary fi bre values in products with resistant 
starch, lignin and oligosaccharides. In more recent years a shift towards the 
AOAC methods mentioned above can be noticed. 

 As is outlined in more detail in Chapter 2, AOAC 985.29 does not determine 
all resistant starch (only the fraction resistant to the enzymes used in the assay, 
which includes mainly retrograded amylose, known as RS3), while other, mainly 
low molecular, types of fi bre are measured only for a minor part or not at all. The 
combination of AOAC 985.29 with methods that measure the missing parts 
creates the problem of double counting (McCleary, 2007). 

 The integrated procedure for Total Dietary Fibre, the AOAC Offi cial Method 
2009.01 – described in detail in Chapter 2 – has been adopted by Codex 
Alimentarius as a type 1 method in the 32nd Session of the Codex Committee on 
Methods of Analysis and Sampling, March 2011 (CCMAS, 2011). High molecular 
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weight and low molecular weight non- digestible saccharides are measured 
separately in this method, so fi bre levels including and excluding oligosaccharides 
with DP3–9 can be determined. 

 The fi rst results from the analysis of fi bre in bakery products using AOAC 
2009.01 show signifi cantly higher levels than those determined using AOAC 
985.29: for example, for white bread > 4% vs. < 3%, for wheat fl our ~ 6% vs. 
~2.5% and for wholemeal bread > 8% instead of ~ 7%. The increase is mainly 
due to the inclusion of low molecular weight saccharides (Brunt, 2011). About 
one- third of this increase is due to the incorrect counting of a minor part of 
digestible starch as low molecular weight non- digestible oligosaccharides (Brunt, 
2011; Brunt and Sanders, 2012). Another fl aw in the method is the lack of 
quantitative analysis of DP3 oligofructose, a signifi cant part of inulin fi bre 
products. With such a diverse mixture of analytes as total dietary fi bre such fl aws 
are not unexpected when experienced analysts are starting to use this new method. 
As indicated by Brunt, these fl aws can be corrected by minor adaptations of 
AOAC 2009.01. When these corrections are being incorporated in a new version, 
this improved version of AOAC 2009.01 is the logical candidate for becoming the 
new legally endorsed method of analysis for dietary fi bre in the EU and abroad. 

 In addition to the 2009.01 method, the AOAC and AACC International have 
also launched the Offi cial method AOAC 2011.25, measuring total dietary fi bre as 
the sum of insoluble and soluble fi bre. However, EFSA and Food and Agriculture 
Organization of the United states (FAO)/WHO are considering this differentiation 
as method- dependent, and solubility does not always predict physiological effects. 
Therefore, Food and Agricultive Organization of the United States (FAO)/WHO 
proposed that the distinction between soluble and insoluble fi bre should be phased 
out (FAO/WHO, 1998).  

   1.3.2  Analysis of wholegrain content 
 All wholegrain fl ours have signifi cantly higher levels of fi bre and other bioactive 
compounds than their refi ned counterparts without bran and germ. Levels vary 
due to genetic and environmental factors. Results from HEALTHGRAIN for 150 
wheat cultivars showed variation in the level of fi bre with a factor of 2 and of 
some other bioactive components with factors ranging from 1.5 to 5 (Ward  et al. , 
2008). Although variations in commercially available cultivars are expected to be 
somewhat smaller, they are far from negligible; for example, dietary fi bre levels 
of wheat cultivars grown in Germany ranged from 9 to 15% in a period of ten 
years (Dr Lindhauer, Max Rubner Institute, Detmold, personal communication). 

 Good methods for determining the percentage of wholegrain in a fl our or a 
product are not currently available. Chen  et al.  (2004) found a good correlation 
between calculated and analysed alkylresorcinol (AR) levels in cereal foods 
( R  2  = 0.91), and concluded that it is possible to estimate the proportion of 
wholegrain wheat and/or rye in a given cereal product on the basis of AR content 
and C17:0/C21:0 ratio. Levels of alkylresorcinols are being used successfully 
in nutrition studies for estimating wholegrain intake. Since alkylresorcinols 
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are present in the bran but not in the germ, measurement of alkylresorcinol levels 
cannot be considered as a suitable method for analysis for quality control purposes. 

 The absence of good methods should not lead to the abandonment of any 
analytical control, however. A practical approach may be achieved if the following 
steps are undertaken:

   •   Agreement on average compositions and allowed deviations for wholegrain 
(fl our); such agreements may be preferably obtained at international level, but 
also agreements at national levels can contribute to a more constant composition 
of wholegrain fl ours.  

  •   Initial analysis of fi bre and total lipids with well- established routine methods 
in order to detect major deviations.  

  •   Subsequent analysis of alkylresorcinols, and possibly also of selected other 
components, when a more sophisticated approach is required.    

 As another step in achieving recombined wholegrain products with consistent 
composition, the development of protocols for good manufacturing practice, 
including the establishment of preferred recombination ratios of white fl our/bran/
germ, may be considered.   

   1.4  Labelling 
   1.4.1  Dietary fi bre labelling 
 Wide international agreement exists regarding the minimum levels of fi bre that 
are required for labelling a product as a source of fi bre or as high in fi bre. The 
wording used by Codex is given below.

    1   Source of fi bre: min. 3 g/100 g or min. 1.5 g/100 kcal, or at least 10% of daily 
reference value per serving.  

  2   High in fi bre: min. 6 g/100g, or min. 3g/100 kcal, or at least 20% of daily 
reference value per serving.   

 (Codex Alimentarius, 1997)   

 Conditions for nutrient content claims for dietary fi bre in liquid foods, along with 
serving sizes and daily reference values, need to be determined at national level. 
In the minimum levels adopted by the EU only levels of fi bre per 100 g and 
100 kcal are mentioned (EFSA, 2007).  

   1.4.2  Wholegrain labelling 
 In labelling practices according to Quantitative Ingredient Declaration (QUID) 
the percentage of wholegrain fl our is usually mentioned. However, for front of 
pack announcements – such as ‘wholegrain xxx (name of product)’, ‘source of 
wholegrain’ and ‘high in wholegrain’ – a wide variety of regulations and 
recommendations exist. Examples are given in  Table 1.3 . However, in many 
countries and for many product types there is no regulation relating to labelling. 
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 The basic principles of most regulations and recommendations are:

   •   at least 50% of the grain (or fl our) should be wholegrain;  
  •   a portion or serving should contain a signifi cant amount of wholegrain.    

 The 50% principle was not applied in the French guideline for biscuits, since 
a sudden transition from the common white fl our- based products to products 
with >50% wholegrain would result in very low consumer acceptance. 

 Eight grams per serving is often seen as a signifi cant amount. For bread this is 
delivered in a 28 g slice made with 50% wholemeal wheat fl our, resulting in ~30 g 
whole grain/100 g. 

 In some regulations and recommendations maximum levels are set for (saturated) 
fat and sugars, but in other cases this issue is left to generic regulations for nutrition 
profi ling, namely those drawn up to prevent nutrition and health statements on 
products whose overall composition is unhealthy. Ambitious regulations (those 
requiring high levels of wholegrain and (very) low levels of fat and sugar) may on 
the one hand stimulate research into the development of attractive products that 
meet these criteria, but may on the other hand lead to the abandonment of any effort 
in this area, because the requirements are seen as too demanding. 

 The option offered by the use of the wholegrain stamp issued by the Whole 
Grains Council and the clear listing of the amount of wholegrain in g/100 g 
product may be a good solution for:

   •   allowing fl exibility for the differences between countries and regions;  
  •   stimulating marketing and R&D for raising the amount to values higher than 

those of competitors;  
  •   conveying a clear wholegrain signal to consumers by using one type of logo.      

   1.5   Recommendations and guidelines for dietary fi bre and 
wholegrain intake 

   1.5.1  Recommended dietary fi bre intake 
 A number of bodies have issued recommendations for dietary fi bre intake. A 
selection is presented in  Table 1.4 . 

 The WHO report (2003) sets no precise population goal for the intake of total 
dietary fi bre, but at least 25 g per day should be provided from fruit, vegetables 
and wholegrain foods. This population goal is based on evidence linking high 
intake of dietary fi bre (from fruit, vegetables and wholegrain foods) with decreased 
risk of weight gain (convincing), type 2 diabetes (probable) and cardiovascular 
diseases (probable). This recommendation was supported by the recent FAO/
WHO Scientifi c Update on carbohydrate in the human diet (Mann  et al. , 2007). 

 EFSA (2010a) considers a fi bre intake of 25 g/day to be adequate for normal 
laxation in adults. The EFSA Panel notes that there is evidence in adults of benefi t 
to health associated with consumption of diets rich in fi bre- containing foods at 
dietary fi bre intakes greater than 25 g per day, for example reduced risk of coronary 
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heart disease and type 2 diabetes and improved weight maintenance. Such 
evidence should be considered when developing food- based dietary guidelines. A 
fi bre intake of 2 g/MJ is considered adequate for normal laxation in children from 
the age of one year. Although EFSA mentions one intake level, the effects of 
different fi bre types on faecal weight show marked differences: 5.4 g stool/g fi bre 
from wheat bran, 4.9 g/g from fruits and vegetables, 3 g/g from isolated cellulose 
and 1.3g/g from isolated pectin (Cummings 1993). Therefore, the EFSA 
recommendation may also be seen as being in favour of consumption of fruits, 
vegetables and wholegrain products. 

 The Institute of Medicine (2005) and the Health Council of the Netherlands 
recommended 3.4 g fi bre/MJ for adults, corresponding to 25 to 40 g fi bre/day, 
depending on the energy delivered in the daily diet. This higher level, compared 
with those recommended by WHO and EFSA, was chosen taking into account not 
only laxation but also the reduced risk for coronary heart diseases. The Health 
Council of the Netherlands did not issue a dietary reference intake level for fi bre, 
but a guideline, mentioning that the recommended level refers to intake of fi bre as 
present in (non-enriched) food products, such as fruits, vegetables and wholegrain 
products; this approach was chosen since observational studies show that 
benefi cial effects may be obtained from the consumption of such foods, which 
contain both fi bre and bioactive co- passengers, and that both the fi bre and the co- 
passengers may play a role. 

 The current recommended levels of fi bre are based on measurements using the 
AOAC Offi cial methods 985.29 or 991.43. However, as noted in Section 1.3.1, 
measurements taken using AOAC 2009.01 are signifi cantly higher for bread and 
a range of other products. If AOAC 2009.01 in the current or an improved version 

    Table 1.4     Recommended dietary fi bre intakes for adults  

 USA a  
(IOM, 
2005) 

 Nordic 
Countries 
(NNR, 
2004) 

 WHO 
(2003) 

 Netherlands 
(GR, 2001 
and 2006) 

 France, 
(AFSSA, 
2001) 

 Germany, 
Austria, 
Switzerland 
(D-A-CH, 
2008) 

 UK 
(DoH, 
1991) 

 EFSA 
(2010a) 

 DF 
g/day 

 w: 25  
 m: 38 

 25–35  >25 a   30–40 b   25–30  30  18 c   >25 d  

 g/MJ  3.4  3  3.4  w: 3  
 m: 2.4 

      a  Total dietary fi bre from wholegrain cereals, fruit and vegetables.   
  b  Dietary fi bre intake via products not enriched with isolated and purifi ed dietary fi bre.   
  c  Refers to non- starch polysaccharides.  
    d  Intake of 25 g/day is adequate for normal laxation in adults There is evidence of benefi t to health 
associated with consumption of diets rich in fi bre- containing foods at dietary fi bre intakes >25 g/day.   
 Source: adapted from EFSA (2010). 
 Notes: Such evidence should be considered when developing food- based dietary guidelines.
AFSSA, Agence Française de Sécurité Sanitaire des Aliments; DoH, UK Committee on Medical 
Aspects of Food Policy; m, men; NNR, Nordic Nutrition Recommendations; w, women.     
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will become the new standard method for total dietary fi bre, the currently 
recommended levels for intake of dietary fi bre should be reassessed.  

   1.5.2  Recommended wholegrain intake 
 Dietary guidelines for wholegrain intake are provided by government- linked 
organisations and also by ‘disease’ associations (such as the American Heart 
Association). The consumption of wholegrain products is recommended in many 
guidelines all over the world. Recommendations can be qualitative or quantitative, 
for example: ‘starchy food such as bread, cereals rice, pasta and potatoes are a really 
important part of a healthy diet. Try to choose wholegrain varieties whenever you 
can’ (FSA, 1999) or ‘consume 3 or more ounce- equivalent servings of wholegrain 
products per day’ (USDA, 2010). The latter recommendation is based on the results 
of epidemiology studies, showing that people who eat at least 48 g of whole grains 
each day can reduce the risk of coronary heart disease and diabetes by between 20 
and 40% (Montonen  et al. , 2003; Venn and Mann, 2004; Flight and Clifton, 2006; 
Mellen  et al. , 2008; de Munter  et al. , 2007). Serving sizes may vary, but in the case 
of wholegrain consumption one serving is usually a slice of bread (1 ounce, 28 g), 
delivering ~16 g whole grain. Pereira  et al. ’s (2004) meta- analysis indicated that 
each increase of 10 g per day in the consumption of dietary fi bre from cereals was 
associated with a 25% decrease in the risk of fatal coronary heart disease. 

 Among the quantitative recommendations, 48 g wholegrain/day is the lowest. 
In Denmark the recently established recommendation is 75 g/day, while in The 
Netherlands the recommended diet for adults includes about six slices of bread, 
preferably wholegrain, which corresponds to ~115 g wholegrain/day. Forty- eight 
grams of wholegrain consumed as three slices of wholegrain bread (fi bre level 
6.8%, USDA food composition database) delivers 5.7 g fi bre, which represents 
only 23% of the 25 g fi bre/day that is often recommended, and only 16% when 
35 g/day fi bre is recommended. 

 When the average daily fi bre intake from cereal products is ~ 50% (Netherlands, 
Hulshof  et al. , 2004) or higher (Nordic Europe), a recommended wholegrain 
intake of 48 g/day is only about half the amount required for a proportional 
contribution to a recommended fi bre intake of 25 g/day. From this fi bre perspective, 
the 75 g wholegrain recommended in Denmark is also too low. More generally, 
unless the percentage of fi bre intake from cereal products is below 25%, a daily 
48 g wholegrain intake, although helpful for reducing the risk of heart diseases 
and diabetes, does not proportionally contribute to widely accepted recommended 
(minimum) levels for intake of dietary fi bre.   

   1.6  Health claims for dietary fi bre and wholegrain 
 More than a decade ago, national authorities began to implement regulations for 
nutrition or health claims for foods. Claims submitted by companies or other 
interested parties can be accepted or rejected by competent authorities. 
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 EFSA has completed the assessment of over 4000 proposed Article 13.1 
‘general function’ health claims, submitted by companies and others from 
all 27 EU member states. These refer to the role of a nutrient or substance in 
growth, development and body functions; psychological and behavioural 
functions; slimming and weight control, satiety or reduction of available energy 
from the diet. These claims do not include those related to child development 
or health or disease risk reduction. EFSA’s conclusions have been adopted by 
the EU and the list of permitted health claims has been published (EU, 2012). 

 An overview of permitted health claims related to cereals and fi bre and some 
of the rejected claims is given in  Table 1.5 . 

    Table 1.5     EFSA Scientifi c Opinions on fi bre- related health claims  

 Material  Claimed effect  EFSA opinion/conditions 
of use 

  EFSA Journal  
number 

 Rye fi bre  Contributes to 
normal bowel 
function. 

 The claim may be used only 
for food which is high in that 
fi bre as referred to in the claim 
HIGH FIBRE. 

 2011; 9(6): 2249 

 Barley grain 
fi bre 

 Contributes to an 
increase in faecal 
bulk. 

 The claim may be used only 
for food which is high in that 
fi bre as referred to in the claim 
HIGH FIBRE. 

 2011; 9(6): 2249 

 Oat grain fi bre  Contributes to an 
increase in faecal 
bulk. 

 The claim may be used 
only for food which is high 
in that fi bre as referred 
to in the claim HIGH 
FIBRE. 

 2011; 9(6): 2249 

 Wheat bran 
fi bre 

 Contributes to an 
increase in faecal 
bulk. 

 The claim may be used only 
for food which is high in that 
fi bre as referred to in the claim 
HIGH FIBRE. 

 2010; 8(10): 
1817 

 Wheat bran 
fi bre 

 Contributes to an 
acceleration of 
intestinal transit. 

 Information shall be given to 
the consumer that the claimed 
effect is obtained with a daily 
intake of ≥ 10 g of wheat bran 
fi bre. 

 2010; 8(10): 
1817 

 Arabinoxylan 
(AX) 
produced from 
wheat 
endosperm 
 (wheat grain 
fi bre, mainly 
soluble) 

 Consumption of 
AX as part of a 
meal contributes to 
a reduction of the 
blood glucose rise 
after that meal. 

 May be used only for food 
which contains at least 8 g 
AX-rich fi bre produced from 
wheat endosperm (≥ 60% AX) 
per 100 g of available 
carbohydrates in a 
quantifi ed portion as part of the 
meal. 

 2011; 9(6): 2205 

(Continued overleaf .)

�� �� �� �� ��



20 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

Table 1.5 (Continued)

 Material  Claimed effect  EFSA opinion/conditions 
of use 

  EFSA Journal  
number 

 Beta- glucans 
from oats and 
barley 

 Consumption of 
beta-glucans from 
oats or barley as 
part of a meal 
contributes to the 
reduction of the 
blood glucose rise 
after that meal. 

 The claim may be used only 
for food which contains ≥ 4 g 
of beta- glucans from oats or 
barley for each 30 g of 
available carbohydrates in a 
quantifi ed portion as part of the 
meal. In order to bear the claim 
information shall be given to 
the consumer that the 
benefi cial effect is obtained by 
consuming the beta- glucans 
from oats or barley as part of 
the meal. 

 2011; 9(6): 2207 

 Beta- glucans  Contribute to the 
maintenance of 
normal blood 
cholesterol levels. 

 The claim may be used only for 
food which contains ≥ 1 g of 
beta- glucans from oats, oat bran, 
barley, barley bran, or from 
mixtures of these sources per 
quantifi ed portion. In order to 
bear the claim information shall 
be given to the consumer that 
the benefi cial effect is obtained 
with a daily intake of 3 g. 

 2009; 7(9): 1254 
 2011; 9(6): 2207 

 Resistant 
starch 

 Replacing 
digestible starches 
with resistant starch 
in a meal 
contributes to a 
reduction in the 
blood glucose rise 
after that meal. 

 The claim may be used only 
for food in which digestible 
starch has been replaced by 
resistant starch so that the fi nal 
content of resistant starch is at 
least 14 % of total starch. 

 2011; 9(4): 2024 

 Wholegrain 
(WG) 
 WG fl our 
 WG foods 
 Diets rich in 
WG 

 Gut health / bowel 
function, weight 
control, blood 
glucose/insulin 
levels, weight 
management, blood 
cholesterol, satiety, 
glycaemic index, 
digestive function 
and cardiovascular 
health. 

 The food constituent, 
wholegrain, which is the 
subject of this opinion is not 
suffi ciently characterised in 
relation to the claimed effects. 

 2010; 8(10): 176 

 Dietary fi bre 
(DF), rich in 
DF and 
‘soluble fi bre’ 

 Wide range of 
claims. 

 The food constituent, dietary 
fi bre, which is the subject of 
this opinion, is not suffi ciently 
characterised in relation to the 
claimed effects. 

 2010; 8(10): 
1735 
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 Two important criteria strictly maintained in EFSA’s evaluations are:

   •   the suffi cient characterisation of the product;  
  •   the establishment of a cause–effect relationship.    

 The EFSA criteria for a positive assessment of a health claim largely correspond 
with those for convincing evidence (WHO, 2003). For dietary recommendations, 
both EFSA and many other authoritative bodies are accepting probable – and 
sometimes also possible – evidence as suffi cient. 

   1.6.1  Health claims for dietary fi bre 
 EFSA rejected many of the submitted health claims for dietary fi bre:

   •   Health claims for total and soluble dietary fi bre – due to insuffi cient 
characterisation of the material;  

  •   All health claims covering pre-  and probiotic effects;  
  •   Many health claims for fi bres obtained by isolation and further processing 

of fi bres, including claims for wheat- based resistant maltodextrins and for 
inulins.     

   1.6.2  Health claims for wholegrain 
 The association between wholegrain consumption and reduced risk of 
cardiovascular diseases has resulted in the following claims being made for 
wholegrain:

   •   USA: ‘Diets rich in whole grain foods and other plant foods and low in total 
fat, saturated fat, and cholesterol may reduce the risk of heart disease and some 
cancers’ (FDA, 1999).  

  •   UK: ‘People with a healthy heart tend to eat more wholegrain foods as part of 
a healthy lifestyle’ (JHCI, 2002).  

  •   Sweden: ‘A healthy lifestyle and a balanced diet rich in wholegrain products 
reduce the risk for (coronary) heart disease’ (see Frølich and Åman, 2010). For 
this health claim, approved in 2003, only grains high in fi bre commonly used 
in Sweden were included: wheat, rye, barley and oats.    

 In November 2010, EFSA (2010b) did not approve health claims submitted for 
wholegrains related to the following claimed effects: ‘gut health’/‘bowel function’, 
‘weight control’, ‘blood glucose’/‘insulin levels’, ‘weight management’, ‘blood 
cholesterol’, ‘satiety’, ‘glycaemic index’, ‘digestive function’ and ‘cardiovascular 
health’. The EFSA panel concluded that the food constituent, wholegrain, is not 
suffi ciently characterised in relation to the claimed effects. Due to this non- 
approval the current claims in the UK and Sweden will have to be withdrawn. 

 As observed for dietary fi bre, the absence of an approved health claim does 
not impede the development and maintenance of dietary recommendations 
for wholegrain. A possible option for obtaining approval for wholegrain health 
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claims may be the submission of claims restricted to a single cereal grain and its 
products.    
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  Abstract:  The concept of dietary fi bre has been evolving over the past 20 years from a 
chemical to a physiological focus. This has led to changes in the defi nition of 
dietary fi bre and the inclusion of carbohydrate components that previously were 
not considered to be dietary fi bre, and, consequently, were not measured, or were 
partially measured. The inclusion of resistant starch and non- digestible 
oligosaccharides (e.g. fructo- oligosaccharides, arabino- xylosaccharides, galacto- 
oligosaccharides, resistant maltodextrins and Polydextrose) has required the 
development of improved, all- inclusive analytical methodology to service the 
defi nition. In this chapter, the current status concerning defi nition of dietary fi bre and 
methodology to service this defi nition will be discussed. More specifi cally, an integrated 
procedure for the measurement of total dietary fi bre as defi ned by Codex Alimentarius is 
described in detail.  

   Key words:    total dietary fi bre, resistant starch, non- digestible oligosaccharides, SDFP, 
SDFS, FOS, AXOS, Codex Alimentarius, analysis of fi bre.   

    2.1  Introduction 

  The defi nition and analysis of dietary fi bre are intimately related. Analysis methods 
have to be developed in accordance with the conceptual defi nitions, but, in practice, 
compromises must be accepted due to constraints of cost and time. All types of 
dietary components can be separated at different levels of complexity and determined 
separately for research purposes, though short- hand methods are needed for labelling 
and control purposes (Asp, 2001).  

 Interest in dietary fi bre is a consequence of the belief that dietary fi bre contributes 
positively to the health / quality of life of the consumer. The physiological effects 
of dietary fi bre are what makes it of interest to the consumer, food nutritionists 
and regulators (DeVries, 2004). Because dietary fi bre is a multi- component 
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mixture, it is essential that there is a clear defi nition and that there is methodology 
to allow measurement of the defi ned components. 

 A physiological basis for the defi nition of dietary fi bre is necessary. If it were 
not for the physiological effects of dietary fi bre, there would be no interest in the 
subject on the part of researchers, consumers, regulators and manufacturers. The 
term ‘dietary fi bre’ was coined and its defi nition refi ned based on observations of 
positive health effects related to consumption of diets rich in this component. 
Aspects of the defi nition, physiological relevance, health benefi ts and analytical 
aspects of dietary fi bre have been reviewed by Champ  et al.  (2003). 

 The term ‘dietary fi bre’ fi rst appeared in 1953, and referred to the non- digestible 
constituents of plants that make up the plant cell wall, known to include cellulose, 
hemicellulose and lignin (Hipsley, 1953). The aim was to defi ne some property of the 
constituent of the food that could be related to physiological behaviour in the human 
small intestine. Later, Burkitt  et al.  (1972) recommended that individuals should 
increase their dietary fi bre intake in order to increase their stool volume and softness. 
In 1974, Trowell published a defi nition of dietary fi bre, and this defi nition was 
broadened in 1976 (Trowell  et al. , 1976) to include all indigestible polysaccharides 
such as gums, modifi ed celluloses, mucilages, oligosaccharides and pectins. The 
defi nition remained primarily physiological, identifying dietary fi bre on the basis of 
edibility and resistance to digestion, but was broadened to refl ect research fi ndings 
obtained in the interim years. Some of the non- digestible polysaccharides were 
included because they were found to have the physiological actions attributed to 
dietary fi bre but could not necessarily be chemically identifi ed as having their origins 
in the plant cell wall. This broadened defi nition quickly gained widespread acceptance. 

 Efforts directed towards developing a method to meet these analytical 
requirements focused on the removal of starch and protein (Theander and Aman, 
1982). It was essential that the enzymes employed were suffi ciently active, as well 
as being devoid of contaminating activities acting on dietary fi bre components. 
Following extensive international collaboration, the method that evolved was 
AOAC Offi cial Method 985.29 ‘Total Dietary Fibre in Foods; Enzymatic-
Gravimetric Method’ (Prosky  et al. , 1985; AOAC Offi cial Methods of Analysis, 
2010; American Association of Cereal Chemists (AACC) Method 32–05). This 
method employed thermostable  α -amylase and amyloglucosidase (AMG) to 
hydrolyse starch to glucose and dextrins and protease to depolymerize protein to 
peptides. Ethanol is added to samples to precipitate high molecular weight soluble 
dietary fi bre (HMWSDF) from the soluble protein and starch fragments. This 
method was subsequently extended to allow measurement of total, soluble and 
insoluble dietary fi bre in foods (AOAC Offi cial Method 991.43) (Lee  et al. , 1992; 
AOAC Method 991.43). Other methods for measurement of fi bre components 
have been developed, evaluated and subsequently approved by AOAC 
International. A number of these methods have recently been accepted by the 
Codex Committee on Methods of Analysis and Sampling (Joint Food and 
Agricultural Organization / World Health Organization (FAO/WHO) Food 
Standards Programme), as detailed in  Table 2.1 . In this table, dietary fi bre 
components that are or are not measured by the particular method are shown. 
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Other methods, namely those for the measurement of insoluble glucans and 
mannans of yeast cell wall, non- starch polysaccharides and an alternative method 
for fructo- oligosaccharides, have been accepted by Codex Alimentarius as Type 
IV methods (i.e. methods that have not been subjected to rigorous interlaboratory 
evaluation through AOAC International). 

 The AACC undertook a critical review of the status of dietary fi bre science and 
defi nition in 1998. Over the course of a year, the committee held three workshops 
and provided an international website, available to all web users worldwide, to 
receive comments. After due deliberation, an updated defi nition of dietary fi bre 
was delivered to the AACC Board of Directors for adoption in early 2000, and 
published (Anon, 2001):

  Dietary fi bre is the edible parts of plants or analogous carbohydrates that are 
resistant to digestion and absorption in the human small intestine with complete or 
partial fermentation in the large intestine. Dietary fi bre includes polysaccharides, 
oligosaccharides, lignin, and associated plant substances. Dietary fi bres promote 
benefi cial physiological effects including laxation, and/or blood cholesterol 
attenuation, and/or blood glucose attenuation. (Anon, 2001)   

 Concurrently, in the UK, Englyst and colleagues (Englyst and Cummings, 1984; 
Englyst and Hudson, 1987) developed methods for the measurement of non- 
starch polysaccharides (NSP), based on the original work of Southgate (1969; 
1982). These NSP procedures measure only non- starch polysaccharides; resistant 
starch (RS) and non- digestible oligosaccharides (NDO) are excluded. Starch in 
the sample is dissolved in hot dimethyl sulphoxide (DMSO), diluted in buffer and 
depolymerized with thermostable  α -amylase followed by pullulanase. The 
recovered NSP is acid hydrolysed to monosaccharides, which are measured by 
high-performance liquid chromatography (HPLC) by gas liquid chromatography 
(after derivatization) or colorimetrically. 

 Several defi nitions of dietary fi bre (DF) have appeared over the past 
decade. The Food Nutrition Board (FNB) of the Institute of Medicine of the 
National Academies (USA) (2001) defi ned dietary fi bre as follows: ‘Dietary fi bre 
consists of non-digestible carbohydrates and lignin that are intrinsic and intact in 
plants. Added fi bre consists of isolated, non- digestible carbohydrates that have 
benefi cial physiological effects in humans. Total fi bre is the sum of dietary fi bre 
and added fi bre.’ 

 The need for a clear defi nition of dietary fi bre to support nutrition claims has 
been an agenda item for the Codex Alimentarius commission since 1992. This 
effort was led by the Codex Committee on Nutrition and Foods for Special Dietary 
Uses (CCNFSDU). The defi nition of dietary fi bre that arose from the 27th Session 
of CCNFSDU (ALINORM 06/29/26), in Bonn, Germany, 21–25 November 2005 
(Codex, 2005), was similar in many respects to that proposed by AACC, but with 
no reference to physiological effects, namely:

  Dietary fi bre means carbohydrate polymers with a degree of polymerization (DP) 
not lower than 3 which are neither digested nor absorbed in the small intestine. A 
degree of polymerization not lower than 3 is intended to exclude mono- and 
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disaccharides. It is not intended to refl ect the average DP of the mixture. Dietary 
fi bre consists of one or more of:

   •   Edible carbohydrate polymers naturally occurring in the food as consumed;  
  •   Carbohydrate polymers which have been obtained from raw materials by 

physical, enzymatic or chemical means;  
  •   Synthetic carbohydrate polymers.      

 At the 30th session of CCNFSDU (Codex, 2008) the committee agreed on the 
following defi nition of dietary fi bre:

  Dietary fi bre means carbohydrate polymers a  with ten or more monomeric units b , 
which are not hydrolyzed by the endogenous enzymes in the human small intestine 
and belong to the following categories;

   •   Edible carbohydrate polymers naturally occurring in the food as consumed.  
  •   Carbohydrate polymers which have been obtained from raw materials by 

physical, enzymatic or chemical means and which have been shown to have a 
physiological effect of benefi t to health as demonstrated by generally accepted 
scientifi c evidence to competent authorities;  

  •   Synthetic carbohydrate polymers which have been shown to have a physiological 
effect of benefi t to health as demonstrated by generally accepted scientifi c 
evidence to competent authorities.      

 a.  When derived from a plant origin, dietary fi bre may include fractions of lignin and/or 
other compounds when associated with the polysaccharides in the plant cell walls and 
if these compounds are quantifi ed by the AOAC gravimetric analytical method for dietary 
fi bre analysis. Fractions of lignin and the other compounds (proteic fractions, phenolic 
compounds, waxes, saponins, phytates, cutin, phytosterols, etc.) intimately ‘associated’ with 
plant polysaccharides are often extracted with the polysaccharides in AOAC 991.43 method. 
These substances are included in the defi nition of fi bre insofar as they are actually associated 
with the poly- or oligosaccharidic fraction of fi bre. However when extracted or even 
reintroduced into a food containing non- digestible polysaccharides, they cannot be defi ned 
as dietary fi bre. When combined with polysaccharides, these associated substances may 
provide additional benefi cial effects (pending adoption of Section on Methods of Analysis 
and Sampling). 

 b.  Decision on whether to include carbohydrates from 3 to 9 monomeric units should be left to 
national authorities. 

 The European situation (Commission Directive L 285/9) is as follows:

  Defi nition of the material constituting fi bre 
 For the purposes of this Directive ‘fi bre’ means carbohydrate polymers with 

three or more monomeric units, which are neither digested nor absorbed in the 
human small intestine and belong to the following categories:

   —   edible carbohydrate polymers naturally occurring in the food as consumed;  
  —   edible carbohydrate polymers which have been obtained from food raw material 

by physical, enzymatic or chemical means and which have a benefi cial 
physiological effect demonstrated by generally accepted scientifi c evidence;  

  —   edible synthetic carbohydrate polymers which have a benefi cial physiological 
effect demonstrated by generally accepted scientifi c evidence.      
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 The fact that the AOAC procedures for measurement of dietary fi bre (e.g. 
AOAC Methods 985.29 and 991.43) do not quantitatively measure resistant 
starch and, in general, measure little of the NDO ( Fig. 2.1 ) is well known to 
researchers and analysts in the fi eld. Methods have thus been developed for 
measurement of some specifi c NDO: fructo- oligosaccharides, AOAC Methods 
997.08 (Hoebregs, 1997) and 999.03 (McCleary  et al. , 2000); Polydextrose, 
AOAC Method 2000.11 (Craig  et al. , 2001); Fibresol 2, AOAC Method 2001.03 
(Gordon and Okuma, 2002); galacto- oligosaccharides, AOAC Method 2001.02 
(de Slegte, 2002). At present, there is no specifi c procedure for arabino- xylo-
saccharides (AXOS) (Grootaert  et al. , 2007). Methods for the specifi c and accurate 
measurement of  β -glucan, AOAC Method 995.16 (McCleary and Codd, 1991) 
and resistant starch, AOAC Method 2002.02 (McCleary and Monaghan, 2002; 
McCleary  et al. , 2002) have also been developed and validated. The need for an 
integrated procedure for the measurement of dietary fi bre (including resistant 
starch), and of all of the NDO as a group, was discussed in a methods group 
meeting at the conference ‘Dietary Fibre 2006’, Helsinki, 11–14 June 2006 
(Dietary Fibre Conference, 2006). Various approaches aimed at resolving this 

   Fig. 2.1     Schematic representation of dietary fi bre components measured, and not 
measured, by AOAC Offi cial Methods 985.29 and 991.43. Also depicted are the 
problems of partial measurement of RS, Polydextrose ®  and resistant maltodextrins by 
current AOAC total dietary fi bre methods. Most of the low molecular weight soluble 
dietary fi bre (LMWSDF; galacto-oligosaccharides, fructo-oligosaccharides, etc.) are not 
measured. The currently described integrated total dietary fi bre procedure measures all 

components shown, with no double counting (from McCleary  et al. , 2010).     
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analytical challenge were proposed, and the method described in this chapter is 
one of these approaches. 

 An integrated method for the measurement of total dietary fi bre was published 
in 2007 (McCleary, 2007). This method allows the accurate measurement of 
insoluble dietary fi bre (IDF) (including resistant starch), high molecular weight 
soluble dietary fi bre (HMWSDF; also now referred to as SDFP (soluble dietary 
fi bre which precipitates in the presence of 76% aqueous ethanol)) and low 
molecular weight soluble dietary fi bre (LMWSDF), also referred to as non- 
digestible oligosaccharides (NDO) or as soluble dietary fi bre which does not 
precipitate in the presence of 76% aqueous ethanol (SDFS). Details of this 
procedure are outlined in  Fig. 2.2 . The use of pancreatic  α -amylase at 37°C and 
pH 6.0 more closely simulates digestion in the human digestive tract and yields 
RS values in line with those obtained with AOAC Offi cial Method 2002.02 
( Table 2.2 ) and with results from ileostomy patients (Champ  et al. , 2001). This 
method was successfully subjected to interlaboratory evaluation (McCleary  et al. , 
2010) and accepted as AOAC Offi cial Method 2009.01. In this study, total high 
molecular weight dietary fi bre (HMWDF) and SDFS are measured. In an 
Association of Offi cial Analytical Chemists International/American Association 
of Cereal Chemists International (AOACI/AACCI) interlaboratory study just 
completed (McCleary  et al. , 2012), the method has been evaluated for the 
measurement of IDF, SDFP and SDFS. 

   Fig. 2.2     Schematic representation of the integrated total dietary fi bre (TDF) assay 
procedure, also showing where samples can be removed for determination of available 

carbohydrates.     
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    2.2   An integrated procedure for the measurement of 
total dietary fi bre, including resistant starch and 
non- digestible oligosaccharides 

   2.2.1  Principle 
 An integrated procedure (AOAC Method 2009.01) is described for the 
measurement of total dietary fi bre, including RS and SDFS (i.e. NDO) of DP ≥ 3. 
This method combines the key attributes of AOAC Offi cial Methods of Analysis 
2002.02, 985.29, 991.43 and 2001.03. A modifi cation of this method to allow 
separate measurement of IDF and SDFP is also described. Duplicate test portions 
are incubated with pancreatic  α -amylase (PAA) and amyloglucosidase (AMG) for 
16 h at 37°C in sealed 250 ml bottles in a shaking water bath while mixing with 
suffi cient vigour to maintain continuous suspension. Alternatively, the solutions 
can be stirred using a 2mag Mixdrive 15 ®  submersible magnetic stirrer with a 
30 × 7 mm stirrer bar and a stir rate of 170 rpm ( Fig. 2.3 ) ( http://www.2mag.de/
english/stirrer/multiple/stirrer_multiple_04_mixdrive6_15.html ). During this 
step, non- resistant starch is solubilized and hydrolysed to  D -glucose, maltose and 
small levels of non- hydrolysed maltodextrins by the combined action of the two 
enzymes. The reaction is terminated by pH adjustment followed by temporary 
heating. Protein in the sample is denatured and digested with protease. Specifi c 
dietary fi bre fractions are measured as follows. 

    Table 2.2     Resistant starch values determined for a number of samples using AOAC 
Offi cial Methods 2002.02 and 2009.01  

 Sample details  Resistant starch % w/w (as is basis) 

 AOAC Method 2002.02  New TDF/RS Method 

 Native potato starch  64.9  56.8 
 Actistar ®   58.0  48.8 
 Hylon VII ®   50.0  48.6 
 Novelose 240 ®   48.4  44.2 
 Novelose 330 ®   38.8  38.7 
 Hi Maize 1043 ®   41.0  41.7 
 CrystaLean ®   39.8  37.9 
 Amylose (potato)  38.2  36.6 
 Regular maize starch  0.5  0.8 
 Pinto beans (dry milled)  39.4  35.6 
 Haricot beans (dry milled)  36.9  31.2 
 Red kidney beans a   5.0  5.3 
 Red lentils (dry milled)  7.6  6.1 
 Flagelot beans (freeze- dried) a   5.3  4.5 
 Cooked/cooled potato  4.0  3.2 
 Corn fl akes  2.2  2.4 

   Notes: Hylon VII ®  is native high amylose maize starch. Novelose 240 ® , Novelose 330 ® , Hi Maize 
1043 ®  and Crystalean ®  are retrograded high amylose maize starches.     a 
Samples were freeze- dried with a fi nal moisture content of approx. 2–3%.     
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  Insoluble dietary fi bre (IDF), higher molecular weight soluble dietary 
fi bre (soluble in water but insoluble in 76% aqueous ethanol; SDFP) 
and lower molecular weight soluble dietary fi bre (soluble in 76% aqueous 
ethanol; SDFS) determination 
 IDF is recovered by fi ltration of the aqueous reaction mixture and the residue is 
washed, dried and weighed. SDFP in the fi ltrate is precipitated with ethanol or 
industrial methylated spirits (IMS), recovered, dried and weighed. Both the IDF 
and SDFP residues are corrected for protein, ash and blank values for the fi nal 
calculation of the IDF and SDFP values. The aqueous ethanol fi ltrate from the 
soluble dietary fi bre (SDF) fraction is concentrated, adjusted to ~ pH 4.5 and 
incubated with AMG (Brunt, 2011), heated to 100°C, desalted, reconcentrated 
and analysed by HPLC for SDFS.  

  Total high molecular weight dietary fi bre (HMWDF) and 
SDFS determination 
 Four volumes of 95% ethanol are added to the incubation mixture and stirred. 
SDFP is precipitated from the incubation mixture and the suspension is fi ltered. 
The HMWDF (comprising IDF and SDFP) recovered on the crucible is washed, 
dried and weighed. This residue weight is corrected for protein, ash and the 
blank value for the fi nal calculation. The aqueous ethanol fi ltrate is concentrated, 
incubated with AMG, heated to 100°C, desalted, reconcentrated and analysed by 
HPLC for SDFS. 

   Fig. 2.3     Arrangements for mixing or stirring of suspensions of dietary fi bre- containing 
samples in a 2mag Mixdrive 15 ®  submersible magnetic stirrer with a 30 × 7 mm stirrer bar.     
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    Table 2.3     Total dietary fi bre values determined for a range of samples that have been 
traditionally used as standards in TDF assays  

 Sample details  Total dietary fi bre, % w/w (as is basis) 

 AOAC Method 991.43  New TDF/RS Method 

  β -Glucan  98.0  96.0 
 Casein  0  0 
 Pectin  86.5  87 
 Wheat starch  0.1  0.1 
 Larch arabinogalactan  83.5  84.0 
 High amylose maize starch  29.3  46.5 
 Wheat arabinoxylan  95.0  94.5 

 The enzymes used in the current method are of very high purity; they are 
effectively devoid of contaminants active on  β -glucan, pectin and arabinoxylan. 
SDFS such as fructo- oligosaccharides (FOS) and galacto- oligosaccharides (GOS) 
are not hydrolysed, and the degree of hydrolysis of Polydextrose ®  and Fibresol-2 ®  
is in line with the information provided by the suppliers. 

 To ensure the presence of the appropriate enzyme activity and absence of 
undesirable enzyme activity, the materials listed in  Table 2.3  (available in the kit, 
K-TDFC from Megazyme) are analysed using the entire procedure. Each new lot 
of enzymes should be tested, as should enzymes that have not been tested in the 
previous six months. 

     2.2.2  Apparatus 

    1   Grinding mill – Centrifugal, with 12-tooth rotor and 0.5 mm sieve, or similar 
device. Alternatively, a cyclone mill can be used for small test laboratory 
samples provided the mill has suffi cient air fl ow or other cooling to avoid 
overheating of samples.  

   2   Digestion bottles – 250 ml Fisherbrand ®  soda glass, wide mouth bottles with 
polyvinyl lined cap (cat. no. FB73219) ( https://extranet.fi sher.co.uk/insight2_
uk/mainSearch.do?keywords=FB73219&utm_source=fisher_web&utm_
medium=product_page&utm_campaign=all_product_promote ; accessed 4 
October 2012).  

   3   Fritted crucible – Gooch, fritted disk, Pyrex ®  50 ml, pore size coarse, ASTM 
40–60 mm, Corning ®  No. 32940–50C, or equivalent.  

   4   Prepare as follows:

   (i)   Ash overnight at 525°C in muffl e furnace, cool furnace to 130°C before 
removing crucibles to minimize breakage.  

  (ii)   Remove any residual Celite ®  and ash material by using a vacuum.  
  (iii)   Soak in 2% cleaning solution (2.2.3(15)) at room temperature for 1 h.  
  (iv)   Rinse crucibles with water and deionized water.  
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  (v)   For fi nal rinse, use 15 ml acetone and air dry.  
  (vi)   Add approximately 1.0 g Celite ®  to dried crucibles and dry at 130°C to 

constant weight.  
  (vii)   Cool crucible in desiccator for approximately 1 h and record mass of 

crucible containing Celite ® .     

   5   Filtering fl ask – heavy- walled, 1–l Büchner fl ask ( Fig. 2.4 ).  
   6   Rubber ring adaptors.– for use to join crucibles with fi ltering fl asks ( Fig. 2.4 ).  
   7   Vacuum source – vacuum pump or aspirator with regulator capable of 

regulating vacuum (e.g. Edwards XDS 10; single- phase 115/230V; product 
code: A726–01–903).  

   8   Water bath(s) – rotary motion (150 rpm), large- capacity (20–24 l) with covers; 
capable of maintaining temperature of 37 ± 1°C and 60 ± 1°C (e.g. Grant ®  
OLS 200 shaking incubation bath). Alternatively, use a 2mag Mixdrive 15 ®  
submersible magnetic stirrer with a 30 × 7 mm stirrer bar, set at 170 rpm 
( Fig. 2.3 ).  

   9   Balance – 0.1 mg readability, accuracy and precision.  
  10   Ovens – Two, mechanical convection, set at 103 ± 2°C and 130 ± 3°C.  
  11   Timer.  
  12   Desiccator – Airtight, with silica gel or equivalent desiccant. Desiccant dried 

biweekly overnight in 130°C oven.  

   Fig. 2.4     Heavy- walled, 1 l Büchner fl ask with rubber ring adaptors; 250 ml Fisherbrand ®  
soda glass, wide mouth bottles with polyvinyl lined cap; and rubber policeman spatula.     
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  13   pH meter.  
  14   Thermometer – Capable of measuring to 110°C.  
  15   Positive displacement pipettor – e.g. Eppendorf Multipette ® 

   (a)   with 25 ml Combitip ®  (to dispense 3 ml aliquots of 0.75 M Trizma ®  Base 
solution and 4 ml aliquots of 2 M acetic acid).  

  (b)   with 5.0 ml Combitip ®  (to dispense 0.3 ml aliquots of AMG and 0.1 ml of 
AMG and protease solutions).     

  16   Cylinder – Graduated, 100 ml and 500 ml.  
  17   Magnetic stirrers and stirring bars – (7 × 30 mm; plain magnetic stirrer bars; 

cat. no. 442–0269, VWR Dublin, Ireland).  
  18   Rubber policeman spatulas – VWR International (cat. no. 53801–008) 

( Fig. 2.4 ).  
  19   Muffl e furnace – 525 ± 5°C.  
  20   Polypropylene columns – Bio-Rad, Econo-Pac TM  Disposable Chromatography 

Columns (cat. no. 732–1010) with an Alltech One-Way Stopcock (cat. no. 
211524) ( Fig. 2.5 ).  

  21   Liquid chromatograph (LC) – With oven to maintain a column temperature 
of 90°C and a 50  μ l injection loop. System must separate maltose from 
maltotriose.  

  22   Guard column (or pre- column) – Waters Guard Pak ®  LC pre- column inserts 
(Waters part no. WAT015209) or equivalent.  

   Fig. 2.5     Deionization of samples with mixed bed resin (~4 g Amberlite ®  FPA53 (OH − ) 
and ~4 g Ambersep ®  200 (H + )) in Bio-Rad, Econo-Pac ®  Disposable Chromatography 

Columns connected to a Gilson Minipuls ®  Evolution pump.     
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  23   LC column – Waters Sugar-Pak ®  6.5 × 300 mm column (part no. WAT085188) 
or equivalent. Mobile phase distilled water plus ethylene diamine tetraacetic 
acid disodium calcium salt (Na 2 CaEDTA) (50 mg/l); fl ow rate 0.5 ml/min; 
column temp. 90°C; run time 30 min to assure column cleaned out.  

  24   Detector – Refractive index (RI); maintained at 50°C.  
  25   Data integrator or computer – For peak area measurement.  
  26   Filters for disposable syringe – Millipore Millex ®  Syringe Driven Filter 

Unit 0.45 mm (low protein binding Durapore PVDF), 25 mm or 13 mm or 
equivalent.  

  27   Filters for water – Millipore, 0.45 mm Durapore ®  Membrane Filters type 
HVLP, 47 mm.  

  28   Filter apparatus – To hold 47 mm, 0.45 mm fi lter (2.2.2(27)); to fi lter larger 
volumes of water.  

  29   Syringes –10 ml, disposable, plastic.  
  30   Syringes – Hamilton ®  100  μ l, 710SNR syringe.  
  31   Rotary evaporator – Heidolph Laborota ®  4000 or equivalent.   

    2.2.3  Reagents 

    1   Ethanol (or IMS) 95% v/v.  
   2   Ethanol (or IMS) 78% v/v – Place 180 ml deionized water into 1 l volumetric 
fl ask. Dilute to volume with 95% v/v ethanol (or IMS). Mix.  

   3   Acetone, reagent grade.  
   4   Stock amyloglucosidase (AMG) solution (Megazyme cat. no. K-INTDF), 

3300 Units/ml in 50% v/v glycerol – Solution is viscous; dispense using a 
positive displacement dispenser. AMG solution is stable for approx. 3 years 
when stored at 4°C. (Note: one unit of enzyme activity is the amount of 
enzyme required to release 1 micromole of  D -glucose from soluble starch per 
minute at 40°C and pH 4.5). AMG solution should be essentially devoid 
of  β -glucanase,  β -xylanase and detectable levels of free  D -glucose. Stable for 
> 4 years at −20°C.  

   5   Pancreatic  α -amylase (50 units/ml)/AMG (3.4 units/ml) – Immediately before 
use, dissolve 0.10 g of purifi ed porcine pancreatic  α -amylase (150 000 units/g; 
AOAC Method 2009.01) (Megazyme cat. no. K-INTDF) in 290 ml of sodium 
maleate buffer (50 mM, pH 6.0 plus 2 mM CaCl 2  and 0.02% sodium azide) 
(2.2.3(14)) and stir for 5 min. Add 0.3 ml of AMG (2.2.3(4)). Stable for > 2 
years at −20°C.  

   6   Protease (50 mg/ml; 350 tyrosine units/ml) in 50% v/v glycerol (Megazyme 
cat. no. K-INTDF) – Solution is viscous; dispense using a positive displacement 
dispenser. Protease must be devoid of  α -amylase and essentially devoid of 
 β -glucanase and  β -xylanase. Use as supplied. Stable for > 3 years 
at 4°C.  

   7   LC retention time standard – Standard having the distribution of 
oligosaccharides (DP >3) corn syrup solids (DE 25; Matsutani Chemical 
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Industry Co., Ltd, Itami City, Hyogo, Japan;  www.matsutani.com ) analysed 
by LC plus maltose in a ratio of 4:1 (w/w). Dissolve 2.5 g of oligosaccharide 
mixture in 80 ml of 0.02% sodium azide solution (2.2.3(13)) and transfer to 
100 ml volumetric fl ask. Pipette 10 ml of internal standard (2.2.3(8)) into the 
fl ask. Bring to volume with 0.02% sodium azide solution (2.2.3(13)). Transfer 
solutions to 50 ml polypropylene storage bottles ® . Stable for > 1 year at room 
temperature. Stable for > 4 years at −20°C.  

   8    D -Sorbitol. (Internal standard for Sugar-Pak ®  column) – 100 mg/ml containing 
sodium azide (0.02% w/v). Weigh 10 g of analytical grade (> 99%)  D -sorbitol 
into a 100 ml volumetric fl ask. Dissolve in 80 ml of 0.02% (w/v) sodium 
azide solution (2.2.3(13)) and adjust to volume with 0.02% sodium azide 
solution. Mix well. Stable for > 2 years at room temperature. Stable for 
> 4 years at −20°C. (Note: handle sodium azide with caution, only after 
reviewing material safety data sheet, using appropriate personal protective 
gear and laboratory hood.)  

   9    D -Glucose LC standards (5, 10, 20 mg/ml) – Accurately weigh 0.5, 1.0 and 2.0 g 
portions of high purity (> 99.5%)  D -glucose (Sigma Chemical Company; cat. no. 
5767) and transfer to three separate 100 ml volumetric fl asks. To each fl ask 
pipette 10 ml of internal standard (2.2.3(8)). Bring to volume with 0.02% sodium 
azide solution (2.2.3(13)). Transfer solutions to 100 ml Duran ®  bottles. Stable at 
room temperature for 1 year.  

  10   Sodium maleate buffer – 50 mM, pH 6.0 plus 2 mM CaCl 2  and 
0.02% sodium azide. Dissolve 11.6 g of maleic acid in 1600 ml of deionized 
water and adjust the pH to 6.0 with 4 M (160 g/l) NaOH solution. Add 0.6 g 
of calcium chloride (CaCl 2 .2H 2 O) and 0.4 g of sodium azide and adjust 
the volume to 2 l. Stable for > 1 year at 4°C. (Note: do not add the sodium 
azide until the pH has been adjusted. Acidifi cation of sodium azide releases 
a poisonous gas. Handle sodium azide and maleic acid with caution, only 
after reviewing Materials Safety Data Sheet (MSDS), using appropriate 
personal protective gear and laboratory hood.)  

  11   Trizma Base ®  (Sigma cat. no. T-1503), 0.75 M – Add 90.8 g of Trizma ®  base 
to approx. 800 ml of deionized water and dissolve. Adjust volume to 1 l. Stable 
for > 1 year at room temperature.  

  12   Acetic acid solution, 2 M – Add 115 ml of glacial acetic acid (Fluka 45731) to 
a 1 l volumetric fl ask. Dilute to 1 l with deionized water. Stable for > 1 year at 
room temperature.  

  13   Sodium azide solution (0.02% w/v) – Add 0.2 g of sodium azide to 1 l of 
deionized water and dissolve by stirring. (Note: do not add sodium azide 
to solutions of low pH. Acidifi cation of sodium azide releases a poisonous 
gas. Handle sodium azide with caution, only after reviewing MSDS, using 
appropriate personal protective gear and laboratory hood.) Stable at room 
temperature for > 2 years.  

  14   Deionized water containing Na 2 CaEDTA (50 mg/l) – Weigh 50 mg of 
Na 2 CaEDTA into a 1 l Duran bottle and dissolve in 1 l distilled water. Prepare 
fresh weekly; fi lter through 0.45 mm fi lter (2.2.2(27)) before use.  
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  15   Cleaning solution – Micro-90 ®  (International Products Corp., USA ( www.
ipcol.com/shopexd.asp?id=15 ) (accessed 4 October 2012). Make a 2% 
solution with deionized water.  

  16   pH standards – Buffer solutions at pH 4.0, 7.0 and 10.0.  
  17   Celite ®  – acid- washed, pre- ashed (Megazyme G-CEL100 or G-CEL500).  
  18   Mixed- bed ion exchange resins for each test portion –

   (a)   m-1. – approx. 4 g Amberlite ®  FPA53 (OH − ) resin (Rohm and Haas, 
France S.A.S.) (see also Megazyme cat. no. G-AMBOH), ion exchange 
capacity 1.6 meq/ml (min) or equivalent (R-OH exchange capacity data 
supplied by manufacturer) and  

  (b)   m-2. – approx. 4 g Ambersep ®  200 (H + ) resin or equivalent (Rohm 
and Haas, France S.A.S.) (see also Megazyme cat. no. G-AMBH), ion 
exchange capacity: 1.6 meq/ml (minimum). Mix the two resins just 
prior to use and pack in column (2.2.2(20), Bio-Rad disposable 
chromatography column) for analysis of each test portion (see  Fig. 2.5 ). 
After mixing and packing, add a small cotton wool plug and wash with 
20 ml of deionized water. If using other resins and there is a concern that 
carbohydrates may be retained on the resin, prepare a test solution 
consisting of 1 ml of 100 mg/ml internal standard (2.2.3(8)) and 2.5 ml of 
10 mg/ml fructo- oligosaccharides diluted to 10 ml. Proceed to step 
2.2.9(1b) ‘Deionization of sample’. Recovery of the internal standards 
and fructo-oligosaccharides should match that of the solution injected 
directly onto the LC ( Fig. 2.6 ).      

    2.2.4  Preparation of test samples 
 Collect and prepare samples as intended to be eaten (i.e. baking mixes should be 
prepared and baked, pasta should be cooked, etc.). De- fat per AOAC 985.29 if 
>10% fat. For high moisture samples (>25%) it may be desirable to freeze dry. 
Grind ~50 g in a grinding mill (2.2.2(1)) to pass a 0.5 mm sieve. Transfer all 
material to a wide mouthed plastic jar, seal, and mix well by shaking and inversion. 
Store in the presence of a desiccant.  

   2.2.5  Enzyme purity 
 To ensure absence of undesirable enzymatic activities and effectiveness of 
desirable enzymatic activities, run standards (Megazyme cat. no. K-TDFC) each 
time the enzyme lot changes or after the enzyme has been stored for more than 
6 months.  

   2.2.6  Enzyme digestion of samples 

   1    Blanks.  With each assay, run two blanks along with samples to measure any 
contribution from reagents to residue.  
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  2    Samples 

   (a)   Weigh- duplicate 1.000 ± 0.005 g samples accurately into 250 ml 
Fisherbrand ®  soda glass, wide mouth bottles (2.2.2(2)).  

  (b)   Addition of enzymes – Wet the sample with 1.0 ml of ethanol and add 
40 ml of pancreatic  α -amylase/AMG mixture (2.2.3(5)) to each bottle. 
Cap the bottles. Transfer the bottles to a Grant OLS 200 shaking incubation 
bath (or similar) (2.2.2(8)) and secure the bottles in place with the springs 
in the shaker frame. Alternatively, use a 2mag Mixdrive 15 ®  submersible 
magnetic stirrer (2.2.2(8)) with 7 × 30 mm stirrer bars ( Fig. 2.3 ).  

  (c)   Incubation with pancreatic  α -amylase/AMG – Incubate the reaction 
solutions at 37°C and 150 rpm in orbital motion in a shaking water 
bath (2.2.2(8)) or at 170 rpm on a 2mag Mixdrive 15 ®  submersible 
magnetic stirrer (to ensure complete suspension) for exactly 16 h (e.g. 
5.00 pm to 9.00 am).  

   Fig. 2.6     High- performance liquid chromatography (HPLC) trace for Raftilose P-95 ®  
dissolved in water and analysed directly, compared with Raftilose P-95 ®  recovered as NDO 
after running through the current integrated TDF procedure. Column: Waters Sugar-Pak ®  
(6.5 mm × 300 mm). Solvent: distilled water containing EDTA (50 mg/l). Flow rate: 
0.5 ml/min. Temperature: 90°C. (a) No enzyme incubation. (b) Full enzyme incubation.     
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  (d)   Adjustment of pH to approx. 8.2 (pH 7.9–8.4) and inactivation of  α -amylase 
and AMG – After 16 h, remove all sample bottles from the shaking water 
bath and immediately add 3.0 ml of 0.75 M Trizma ®  base solution 
(2.2.3(11)) to terminate the reaction. (At the same time, if only one shaker 
bath is available, increase the temperature of the shaking incubation bath to 
60°C in readiness for the protease incubation step.) Slightly loosen the 
caps of the sample bottles and immediately place the bottles in a water bath 
(non- shaking) at 95–100°C, and incubate for 20 min with occasional 
shaking (by hand). Using a thermometer, ensure that the fi nal temperature 
of the bottle contents is > 90°C (checking of just one bottle is adequate).  

  (e)   Cool – Remove all sample bottles from the hot water bath (use appropriate 
gloves) and cool to approx. 60°C.  

  (f)   Protease treatment – Add 0.1 ml of protease solution (2.2.3(6)) with a 
positive displacement dispenser (solution is viscous). Incubate at 60°C 
for 30 min.  

  (g)   pH adjustment – Add 4.0 ml of 2 M acetic acid (2.2.3(12)) to each bottle 
and mix. This gives a fi nal pH of approx. 4.3.  

  (h)   Internal standard – Add 1.0 ml of  D -sorbitol internal standard solution 
(100 mg/ml) (2.2.3(8)) to each bottle and mix well.     

  3   Proceed to step 2.2.7(1) for determination of HMWDF/SDFS; or to step 
2.2.8(2a) for determination of IDF/SDFP/SDFS.    

   2.2.7  Determination of HMWDF (IDF plus SDFP) 

   1   Precipitation SDFP – Preheat the sample to 60°C and add 192 ml (measured at 
room temperature) of 95% (v/v) ethanol (or IMS) pre- heated to 60°C. Mix 
thoroughly and allow the precipitate to form at room temperature for 60 min.  

  2   Filtration setup – Tare crucible containing Celite ®  (from 2.2.2(3)) to the nearest 
0.1 mg. Wet and redistribute the bed of Celite ®  in the crucible, using 15 ml of 
78% (v/v) ethanol or IMS from wash bottle. Apply suction to crucible to draw 
Celite ®  onto fritted glass as an even mat ( Fig. 2.4 ).  

  3   Filtration – Using vacuum, fi lter precipitated enzyme digest (2.2.7(1)) through 
crucible. Using a wash bottle with 78% (v/v) ethanol (or IMS) (2.2.3(2)), 
quantitatively transfer all remaining particles to crucible. Retain fi ltrate and 
washings and proceed to step 2.2.9(1a) for determination of SDFS.  

  4   Wash – Using a vacuum, wash residue sequentially with two 15 ml portions of 
the following: 78% (v/v) ethanol (or IMS), 95% (v/v) ethanol (or IMS) and 
acetone.  

  5   Dry crucibles containing residue overnight in 105°C oven. If a forced air oven 
is used, loosely cover the crucibles with aluminium foil to prevent loss of 
dried sample.  

  6   Cool crucible in desiccator for approx. 1 h. Weigh crucible containing dietary 
fi bre residue and Celite ®  to nearest 0.1 mg. To obtain residue mass, subtract 
tare weight, i.e. weight of dried crucible and Celite ® .  

�� �� �� �� ��



44 Fibre- rich and wholegrain foods 

© Woodhead Publishing Limited, 2013

  7   Protein and ash determination – The residue from one crucible is analysed for 
protein, and the second residue of the duplicate is analysed for ash. Perform 
protein analysis on residue using Kjeldahl or combustion methods. (Caution 
should be exercised when using a combustion analyser for protein in the 
residue. Celite ®  volatilized from the sample can clog the transfer lines of the 
unit.) Use 6.25 factor for all cases to calculate mg of protein. For ash analysis, 
incinerate the second residue for 5 h at 525°C. Cool in desiccator and weigh to 
nearest 0.1 mg. Subtract crucible and Celite ®  weight to determine ash.  

  8   Determination of HMWDF – Subtract ash and protein from average residue 
weight and proceed to step 2.2.10 for calculation of HMWDF.    

   2.2.8  Determination of IDF, SDFP and SDFS 

    1     IDF 

   (a)   Filtration setup – Tare crucible containing Celite ®  (2.2.2(4)) to nearest 
0.1 mg. Wet and redistribute the bed of Celite ®  in the crucible, using 15 ml 
of 78% (v/v) EtOH (or IMS) (2.2.3(2)) from wash bottle. Apply suction to 
crucible to draw Celite ®  onto the fritted glass as an even mat ( Fig. 2.4 ).  

  (b)   Filtration – Using vacuum, fi lter the enzyme digest from step 2.2.6(2) 
through the crucible. Using a wash bottle with 60°C deionized water, 
rinse the incubation bottle with a minimum volume of water (approx. 
10 ml) and use a rubber policeman (spatula) to dislodge all particles from 
the walls of the container. Transfer this suspension to the crucible. Wash 
the bottle with a further 10 ml of water at 60°C and again transfer to the 
crucible. Collect the combined fi ltrate and washings and adjust the volume 
to 70 ml and retain this for determination of SDFP (2.2.8(2a)) and SDFS 
(2.2.9(1a)).  

  (c)   Wash – Using a vacuum, wash the residue successively with two 15 ml 
portions of the following: 78% (v/v) ethanol (or IMS), 95% (v/v) ethanol 
(or IMS) and acetone. Discard the washings.  

  (d)   Dry crucibles containing residue overnight in 105°C oven.  
  (e)   Cool crucibles in desiccators for approximately 1 h. Weigh crucible 

containing insoluble dietary fi bre residue and Celite ®  to nearest 0.1 mg. 
To obtain residue mass, subtract tare weight, i.e. weight of dried crucible 
and Celite ® . Calculate IDF; step 2.2.10.     

   2     SDFP 
   (a)   Precipitation of SDFP – Pre- heat the fi ltrate of each sample (approx. 

70 ml) to 60°C and add 280 ml (measured at room temperature) of 95% 
(v/v) ethanol (or IMS) (2.2.3(1)) preheated to 60°C and mix thoroughly. 
Allow the precipitate to form at room temperature for 60 min.  

  (b)   Recovery of SDFP and SDFS – Proceed according to steps 2.2.7(3) to 
2.2.7(8). For determination of SDFS – Proceed according to steps 
2.2.9(1a) to 2.2.9(2b).       
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   2.2.9  Determination of SDFS 
 Note: Proper deionization is an essential part of obtaining quality chromatographic 
data on SDFS. To obtain familiarity regarding the appearance of salt peaks in the 
SDFS chromatograms, dissolve 10 mg of sodium chloride in 9 ml of deionized 
water and add 1 ml of 100 mg/ml LC internal standard (2.2.3(8)) and proceed to 
step 2.2.9(1c) at ‘Transfer the solution to a 10 ml disposable . . .’. To assure the 
resins being used are of adequate deionizing capacity, dissolve 10 mg of sodium 
chloride in 1 ml of deionized water. Add 1 ml of 100 mg/ml LC internal standard 
(2.2.3(8)), and proceed to step 2.2.9(1b) at ‘Transfer 2 ml of this solution to the 
top of . . .’. The LC chromatogram of this solution should show no peaks in the 
time range corresponding to carbohydrates of DP3 or greater.

   1   Extraction and chromatography procedure

   (a)   Filtrate recovery – Set aside the fi ltrate from one of the sample duplicates 
(2.2.7(3)) to use in case of spills or if duplicate SDFS data are desired. 
Transfer one half of fi ltrate (2.2.7(3)) of the other sample duplicate to a 
500 ml evaporator fl ask and evaporate to dryness under vacuum at 60°C.  

  (b)   Deionization of sample and AMG incubation – Add 5 ml of 150 mM HCl 
to the evaporator fl ask and swirl the fl ask for approx. 2 min to dissolve the 
sample (this adjusts the pH to ~ 4.5). Transfer the solution to a sealable 
polypropylene 20 ml container, add 0.1 ml of AMG (2.2.3(4)) and incubate 
at 60°C for 1 h. Then heat the solution at 100°C for 5 min. Transfer 2 ml 
of this solution to the top of the Bio-Rad disposable column containing 
4 g each of freshly prepared and thoroughly mixed Amberlite FPA 53 
(OH − ) (2.2.3(18)) and Ambersep 200 (H + ) (2.2.3(18)) ( Fig. 2.5 ). Elute the 
column at a rate of 1.0 ml/min into a 100 ml Duran ®  bottle. When the 
sample has entered the resin, add 2 ml of distilled water to the resin and 
allow this to percolate in. Then add approximately 20 ml of deionized 
water to the top of the column and continue to elute at a rate of 1.0 ml/
min. Transfer the eluate to a 250 ml round bottom rotary evaporator 
fl ask and evaporate to dryness under vacuum at 60°C. Add 2 ml of 
deionized water to the fl ask and redissolve the sugars by swirling the fl ask 
for approx. 2 min. Using a Pasteur pipette, transfer the solution to a 
polypropylene storage container.  

  (c)   Preparation of samples for LC analyses – Transfer the solution to a 
10 ml disposable syringe (2.2.2(29)), and fi lter through a 0.45  μ m fi lter 
(2.2.2(26)). Use a 100 ml LC glass syringe (2.2.2(30)) to fi ll the 50 ml 
injection loop on the LC (2.2.2(21)). Perform this analysis in duplicate. 
Column: Waters Sugar-Pak ®  (6.5 × 300 mm). Solvent: distilled water 
containing Na 2 Ca-EDTA (50 mg/l). Flow rate: 0.5 ml/min. Temperature: 
90°C.  

  (d)   Determine the response factor for  D -glucose – Since  D -glucose provides 
an LC refractive index (RI) response equivalent to the response factor 
for the non- digestible oligosaccharides that make up SDFS, the LC is 
calibrated using  D -glucose, and the response factor is used for determining 
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the mass of SDFS. Use a 100  μ l LC syringe to fi ll a 50  μ l injection loop 
for each standard  D -sorbitol/ D -glucose solution. Inject in triplicate.     

  2   Obtain the values for the peak areas of  D -glucose and internal standard from 
the three chromatograms. The reciprocal of the slope obtained by comparing 
the ratio of peak area of  D -glucose / peak area of  D -sorbitol internal standard 
(y- axis) to the ratio of the mass of  D -glucose / mass of  D -sorbitol (x- axis) is the 
‘response factor’. Determine the average response factor (typically 0.97 for 
 D -sorbitol).    

 Response factor (Rf) = (PA-IS) /(PA-Glu) × (Wt-Glu / Wt-IS) 
 where: 
 PA-IS  = peak area internal standard ( D -sorbitol); 
 PA-Glu = peak area  D -glucose; 
 Wt-Glu = mass of  D -glucose in standard; 
 Wt-IS = mass of  D -sorbitol in standard.

   (a)   Calibrate the area of chromatogram to be measured for SDFS – Use a 
100 ml LC syringe (2.2.2(30)) to fi ll the 50 ml injection loop with 
retention time standard (2.2.3(7)). Inject in duplicate. Determine 
demarcation point between DP 2 and DP 3 oligosaccharides 
(disaccharides maltose versus higher oligosaccharides) ( Fig. 2.7 ).  

  (b)   Determine peak area of SDFS (PA-SDFS) and internal standard (PA-
IS) in chromatograms of sample extracts – Inject sample extracts 
(2.2.9(1c)) on LC. Record area of all peaks of DP greater than the DP2/
DP3 demarcation point as PA-SDFS. Record the peak area of internal 
standard as PA-IS.    

   Fig. 2.7     HPLC chromatography of maltodextrins, maltose, glycerol and  D -sorbitol on a 
Waters Sugar-Pak ®  column (see Fig. 2.6 for conditions).     
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    2.2.10  Calculations for HMWDF, IDF and SDFP 
 Blank (B) determination (mg):

 = (BR 1  + BR 2 )/2 − P B  − A B   

 where: 
 BR 1  and BR 2  = residue mass (mg) for duplicate blank determinations, 

respectively, and P B  and A B  = mass (mg) of protein and ash, respectively, 
determined on fi rst and second blank residues. 

 HMWDF, IDF or SDFP (mg/100 g)

 = {[(R 1  = R 2 )/2 − P B  − P A  − B] / (M 1  + M 2 )/2} × 100  

 where: 
 R 1  = residue mass 1 from M1 in mg; 
 R 2  = residue mass 2 from M2 in mg; 
 M 1  = test portion mass 1 in g; M 2  = test portion mass 2 in g; 
 P A  = ash mass from R 1  in mg: P B  = protein mass from R 2  in mg. 
 HMWDF (%) = HMWDF (mg/100 g)/1000 
 IDF (%) = IDF (mg/100 g)/1000 
 SDFP (%) = SDFP (mg/100 g)/1000  

   2.2.11  Calculations for SDFS 
 SDFS (mg/100 g)

 = Rf × (Wt-IS, mg) × (PA-SDFS)/(PA-IS) × 100/M  

 where: 
 Rf is the response factor. 
 Wt-IS is weight in mg of internal standard contained in 1 ml of internal standard 

solution pipetted into sample mixture (100 mg). 
 PA-SDFS is the peak area of the SDFS. 
 PA-IS is the peak area of the internal standard ( D -sorbitol). 
 M is the test portion mass (M 1  or M 2 ) in grams of the sample whose fi ltrate was 

concentrated and analysed by LC.  

   2.2.12  Calculation of integrated TDF 
 Integrated TDF (%) = HMWDF (%) + SDFS (%)   

   2.3   Updates of the original integrated total dietary 
fi bre procedure 

 The original integrated procedure for the measurement of total dietary fi bre 
(TDF) was published in 2007 (McCleary). Since then, efforts have been made 
to simplify the method and to allow the processing of a larger number of samples 
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in a given time. Several aspects of the assay have been re- evaluated, including the 
incubation conditions, desalting format and choice of internal standard and LC 
chromatographic columns. 

   2.3.1  Incubation conditions 
 The incubation conditions for the integrated dietary fi bre procedure are modelled 
on those used in AOAC Offi cial Method 2002.02 (resistant starch). In that 
procedure, incubations were designed to give hydrolysis of non- resistant starch 
only. The method was developed using a set of resistant starch- containing samples 
that had been characterized through studies with ileostomy patients. In contrast to 
the resistant starch method, in the integrated dietary fi bre method it is necessary to 
include an incubation step at approx. 100°C for the denaturation of protein; 
otherwise, protein is not degraded by protease. During this step, some of the 
resistant starch is solubilized. To ensure that none of this is depolymerized by 
 α -amylase and AMG, these enzymes must be inactivated or denatured before the 
resistant starch is solubilized. This is achieved using a combination of pH and 
temperature conditions. As a result, most of the solubilized resistant starch 
precipitates from solution on addition of ethanol (to 76% concentration) and 
recovered as HMWDF. Lower degree of polymerization starch fragments that are 
resistant to hydrolysis by AMG and pancreatic  α -amylase in the assay, but are not 
resistant to the  α -glucosidases in the small intestine, are removed by incubating the 
SDFS fraction with much higher levels of AMG before desalting the SDFS sample. 

 To ensure that resistant starch is not solubilized during the 16 h incubation 
period, reactions were initially performed in bottles in which the contents were 
suspended by rotary shaking in a shaking water bath. More recently, it has been 
found that stirring of the contents, either with a suspended magnetic stirrer bar or 
with a stirrer bar in the reaction bottle, gave similar values for most samples. The 
results obtained for three types of starch are shown in  Fig. 2.8 . Dietary fi bre values 
obtained for regular maize starch and high amylose maize starch were the same. 
With native potato starch granules, similar values were obtained when samples 
were incubated in the shaking water bath or were stirred with a suspended stirrer. 
When a stirrer bar is added into the incubation bottle, values for potato starch drop 
dramatically. This is thought to be due to the physical damage caused to the starch 
granules by the stirrer bar. This type of stirring had little or no effect on the 
determined resistant starch (and dietary fi bre) in kidney beans, green bananas and 
various high amylose starch samples. Consequently, stirring of the reaction 
mixture in bottles with a stirrer bar can be performed using a device such as a 
Mixdrive 15 ®  submersible magnetic stirrer. 

    2.3.2  Internal standards 
 Since AOAC Offi cial Method 2001.03 ‘Total dietary fi ber in foods containing 
resistant maltodextrins – enzymatic- gravimetric method and liquid chromatography 
determination” (Gordon and Okuma, 2002) employs gel permeation 
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chromatography (TSK-GEL G2500PWXL ® ) rather than ion exchange as with the 
Waters Sugar-Pak column, attempts were made to fi nd an internal standard that 
would work in both systems. Glycerol was considered to be non- ideal because 
glycerol occurs in a lot of processed food products and is also used as a stabilizer 
in the enzymes employed in the incubations.  D -Sorbitol works well with the Sugar-
Pak column, but it chromatographs with  D -glucose on the TSK gel permeation 
columns. Numerous other compounds including sugars, sugar alcohols, diols and 
glycols were evaluated. Of these, 1,2-pentanediol, 1,5-pentanediol, diethylene 
glycol and triethylene glycol were the best based on chromatography in the two 
systems. However, 1,2-pentanediol showed signifi cant loss in handling. Of the 
remainder, diethylene glycol was the preferred compound. However, even with 
this compound, if the samples were taken to dryness on rotary evaporation, a small 
percentage of the diethylene glycol was lost (presumably coating to the inside of 
the fl ask). Of the potential internal standards with acceptable chromatography 
properties, the only one suitable for the Waters Sugar Pak ®  column was  D -sorbitol. 

  D -Sorbitol itself is not an ideal internal standard. The commercial fi bre product 
Polydextrose ®  contains approx. 2%  D -sorbitol and it is thought that this will 
interfere with analysis of products containing this product. However, it is unlikely 
that any food product will contain more than 10% Polydextrose ® , in which case the 
level of  D -sorbitol is approx. 0.2%, which will have insignifi cant effect on the assay. 
Also, if  D -sorbitol is thought to be present in the sample, analysis can be performed 
without addition of the internal standard or, alternatively, calculations can simply 
be performed using the external standard assay format. Also, in such cases, the use 
of diethylene glycol as the internal standard could be considered ( Fig. 2.9 ), knowing 
that samples should not be taken to dryness on rotary evaporation. 

   Fig. 2.8     Effect of shaking, suspended stirring and stirring with a magnetic stirrer bar 
added to the incubation bottle on the time course of hydrolysis of regular maize starch 

(RMS), high amylose maize starch (HAMS) and native potato starch (PS).     
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    2.3.3  Desalting of samples for HPLC 
 In the original integrated dietary procedure, the desalting conditions recommended 
in AOAC Offi cial Method 2001.03 were employed, in which 25 g each of 
Amberlite cation and anion exchange resins were mixed and packed into a 
chromatography column. Subsequently, the amount of resin was halved, along 
with sample size. More recently, with the use of an internal standard that was 
completely recovered ( D -sorbitol), it has been possible to reduce the amount of 
sample handled, along with the amounts of desalting resins to approximately 20% 
of that originally recommended. There are several advantages in this modifi cation. 
First, all evaporations are reduced to 20%, which is a major time saving. 
Second, cheap, easy to use plastic columns (Bio-Rad, Econo-Pac TM  Disposable 
Chromatography Columns) can be used. These are large enough to hold the 8 g of 
mixed bed resin and to accommodate the volume (20 ml) of deionized/distilled 
water used to elute the sugars from the column ( Fig. 2.5 ). Essentially all sugar is 
eluted with this volume of water ( Fig. 2.10 ). Also, the rates of elution of the sugars 
in the sample and the  D -sorbitol internal standard are the same. 

   Fig. 2.9     Chromatography of a mixture of maltodextrins, maltose, diethylene glycol and 
 D -sorbitol on: (a) a Waters Sugar-Pak ®  (6.5 × 300 mm, part no. WAT085188) column. 
Solvent: distilled water containing EDTA (50 mg/l); fl ow rate: 0.5 ml/min; temperature 
90°C; or (b) on two TSK ®  gel fi ltration columns (G2500PWXL) in series. Solvent: distilled 
water; fl ow rate 0.5 ml/min; temperature 80°C. The arrows show demarcation between DP 2 

(maltose) and DP 3 (higher maltodextrins).     
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 Alternatively, samples can be desalted/de- ashed using cation and anion 
exchange guard columns, H +  and CO 2  

3−  forms, respectively (BioRad Labs 
Catalogue # 125–0118) (Post  et al. , 2010). In this case, the aqueous ethanolic 
solution is concentrated by rotary evaporation, redissolved in distilled water, 
adjusted to volume, clarifi ed and injected directly onto the HPLC via the de- 
ashing guard columns. This procedure simplifi es sample preparation for LC, and 
it is possible to monitor exhaustion of the de- ashing columns. A major consideration 
is the cost of the disposable de- ashing guard columns and the need for a separate 
pump for the HPLC.  

   2.3.4  Analysis of diffi cult samples 
 For most samples analysed to date, chromatography on a Waters Sugar-Pak ®  
column gives effective separation of disaccharides and trisaccharides. The one 
exception noted is the fructosyl- trisaccharide (F3) (inulotriose) obtained on 
depolymerization of inulin. From  Fig. 2.11 , it can be seen that this compound 
elutes after the disaccharides sucrose and maltose, and partially overlaps them. In 
fact, it chromatographs at the same point as lactose. In handling oligosaccharide 
mixtures containing this compound, there are two possible options. Compounds 
can be separated using TSK gel permeation chromatography (TSK-GEL 
G2500PWXL ® ) rather than ion exchange as with the Waters Sugar-Pak ® , but 
without the option of using  D -sorbitol as an internal standard. Alternatively, an 
aliquot of the sample prepared for HPLC can be incubated with a mixture 

   Fig. 2.10     Elution of  D -sorbitol and fructo- oligosaccharides from a mixed bed resin 
column (Amberlite ®  FPA53 (OH−) plus Ambersep ®  200). Note that the rate of elution of 
the  D -sorbitol and fructo- oligosaccharides is the same and that essentially all carbohydrate 

is eluted with 20 ml of water.     
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of thermostable  α -glucosidase (to hydrolyse the sucrose and maltose) and 
 β -galactosidase (to hydrolyse lactose) and chromatographed again to measure F3 
(by reference to the  D -sorbitol internal standard). This value can simply be added 
to the value obtained for the oligosaccharide mixture of DP ≥ 3 obtained for the 
sample before  α -glucosidase/ β -galactosidase treatment. 

 Samples containing highly viscous/gelatinous dietary fi bre (e.g. psyllium gum) 
are very diffi cult to fi lter through crucibles. Such samples may be better handled 
by recovering the various fractions by high- speed centrifugation. Work in this 
area is urgently required.   

   2.4   Interlaboratory evaluation of integrated total 
dietary fi bre procedures 

 The integrated total dietary fi bre assay procedure has been subjected to two major 
interlaboratory studies under the auspices of AOAC International. In the fi rst 
study (McCleary  et al. , 2010), total HMWDF and SDFS were measured. HMWDF 
was not fractionated into IDF and SDFP. On the basis of the results from this 
study, the method was accepted as AOAC Offi cial Method 2009.01. In the second 

   Fig. 2.11     Hydrolysis of sucrose and maltose with thermostable  α -glucosidase. One 
millilitre of a mixture of F3 (5 mg/ml) with either sucrose or maltose (5 mg/ml) was 
incubated with 0.1 ml of thermostable  α -glucosidase (500 U/ml) in 10 mM sodium maleate 
buffer (pH 6.0) at 50°C for 15 min. Reaction tube was incubated at 100°C for 5 min. The 
solution was centrifuged in a microfuge at 12 000 rpm for 5 min and the sample directly 

applied to the HPLC column.     

�� �� �� �� ��



Dietary fi bre analysis in foods 53

© Woodhead Publishing Limited, 2013

study, IDF, SDFP and SDFS were measured separately (McCleary  et al. , 2012). 
On the basis of the results from that study, the method has recently been accepted 
as AOAC Offi cial Method 2011.25. A summary of the results for TDF is shown in 
 Table 2.4 . The statistics compare favourably with those obtained for other 
interlaboratory evaluations of dietary fi bre methods ( Table 2.5 ) (McCleary  et al. , 
2010). Of particular interest is the fact that TDF values determined by summing 
HMWDF and SDFS are very similar to those obtained by summing IDF, SDFP 
and SDFS ( Table 2.6 ). 

    2.5   Progress in acceptance of dietary fi bre methodology 
by Codex Alimentarius 

 At the 30th session of CCNFSDU (2008), the Committee agreed on a defi nition of 
dietary fi bre (detailed above). However, the Committee also agreed on the 
establishment of an Electronic Working Group (eWG) led by the Delegation of 
France, open to all Codex members. The specifi c role of this eWG was to: a) 
review and update, as appropriate, the list of methods available for dietary fi bre 
analysis, taking into account the new provisions in the draft defi nition of dietary 
fi bre that would require the selection of methods of analysis, and possible 
information on new available methods; b) consider how the results from different 
methods specifi c to different types of dietary fi bre could be combined together to 
arrive at the total dietary fi bre content in a food; c) evaluate the performance of 
methods in measuring different types of dietary fi bre; d) make recommendations 
for methods of analysis for dietary fi bre in different food matrices; e) consider the 
footnote in the accepted defi nition that relates to oligosaccharides of degree of 
polymerization (DP) of 3–9, and to prepare a recommendation as to its revision 
with regard to the methods of analysis, if necessary. 

    Table 2.4     Statistical data for total dietary fi bre (HMWDF plus LMWSDF) determined 
using the modifi cation of AOAC Offi cial Method 2009.01  

 Sample/
Parameter 

 Cabbage  Apple 
fl akes 

 Chocolate  Biscuits  Cookies  Peanuts  Oat bran  Bread 

 # of Labs  15  15  15  15  14  13  14  13 
 Mean %  29.90  10.45  26.55  11.79  21.37  16.39  23.71  18.40 
 S r   0.86  0.47  1.39  0.49  0.52  1.41  0.87  0.64 
 S R   2.05  0.95  2.74  1.10  1.72  2.37  3.14  1.56 
 RSD r   2.88  4.51  5.25  4.17  2.43  8.60  3.65  3.47 
 RSD R   6.85  9.11  10.31  9.30  8.04  14.48  13.23  8.47 
 HORRAT  2.85  3.24  4.22  3.37  3.19  5.51  5.33  3.28 

   Source: McCleary  et al. , 2012.     
 Note: Sr = within laboratory repeatability; SR = between laboratory variability; RSDr = within 
laboratory relative repeatability; RSDR = between laboratory relative variability; HORRAT = The 
ratio of the reproducibility standard deviation calculated from the data to the predicted relative 
standard deviation. 
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 In their draft document (Alinorm, 2009), the eWG noted that the Offi cial AOAC 
methods are widely accepted globally for general labelling of nutrient content in 
foods as well as for health and nutrition claims. The AOAC methods are designed to 
be accurate, cost effective, and reproducible in various analytical environments on 
which industry relies. They are the most studied and validated methods available for 
the quantifi cation of food components. Their use in routine analysis presents no 
insurmountable diffi culty. These methods have passed the rigour of scientifi c 
substantiation to achieve the status of reference methods. The eWG also noted that 
(at that time) no one AOAC validated method could measure all non- digestible 
carbohydrates in foods. AOAC 991.43 (Lee  et al. , 1992) is one of the most widely 
used ‘total’ dietary fi bre methods. Both this method and AOAC 985.29 (Prosky 
 et al. , 1985) will measure insoluble polysaccharides and soluble high molecular 
weight components (i.e. those that are precipitated by alcohol (SDFP)). However, 
neither fully measures the resistant starch fraction, nor do they recover the non- 
digestible oligosaccharide components included in the defi nition of dietary fi bre. 
They quantify only part of the total resistant starch, inulin, Polydextrose (Craig  et al. , 
2000), fructo- oligosaccharides and resistant maltodextrin, all of which have relevant 
physiological functions. Furthermore, some oligosaccharides are not measured at all. 
The eWG also noted that, due to the complexity of the molecular structure of fi bres, 
additional AOAC methods were subsequently developed to validate labelling 
declarations and claims by measuring specifi c dietary fi bre components in foods that 
have been shown to exert physiological benefi t. Maintaining these methods (e.g. 
AOAC 999.03 (McCleary  et al. , 2000) for fructans) has a number of advantages. By 
focusing on one component the method is more specifi c, resulting in higher specifi city 
and accuracy needed to detect fi bre present in food products. Equally important, 
these component- specifi c methods facilitate routine, cost- effective analysis. 

 The eWG concluded (draft document) that the NSP method does not accurately 
quantify total dietary fi bre. It is inappropriate as a routine technique given its 
inability to support the now agreed upon Codex defi nition of dietary fi bre. 
Methods measuring NSP alone give lower estimates than methods for total dietary 
fi bre in foods containing resistant starch, resistant oligosaccharides and/or lignin. 
The eWG did not recommend the inclusion of methods where there is as yet no 
publication about protocol and relevant validation data. 

 The eWG also noted that the defi nition encompasses a range of different types 
of carbohydrate polymers that are recovered to varying extents by different 
analytical methods. This creates potential problems of double accounting when a 
carbohydrate fraction is partially or completely measured by more than one 
method. Examples of this are high molecular weight inulin, which, in addition to 
being measured specifi cally by enzymatic–chemical fructan methods, is also 
partially recovered in the residue of enzymatic–gravimetric methods (Quemener 
 et al. , 1993; 1997). The enzymatic–gravimetric methods AOAC 991.43 and 
985.29 also recover some, but not all, resistant starch (McCleary and Rossiter, 
2004), which can create a double accounting problem if these data are then 
combined with that obtained by a separate specifi c determination of resistant 
starch. There is also the potential for obtaining a lower than expected value if there 
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is under- recovery of a specifi c fraction by particular methods. The high degree of 
specifi city associated with most direct chemical methods generally means that the 
problems of combining results from different methods are diminished. 

 The eWG noted (draft document) that the lack of a validated procedure to 
combine AOAC methods to determine total fi bre content has repeatedly raised 
concerns during the lengthy process to fi nalize the defi nition of dietary fi bre. It 
also noted that, in response to this gap in methodology, a new integrated method 
of analysis of total dietary fi bre has been developed by McCleary (2007) which 
measures total dietary fi bre (including resistant starch), non- digestible 
oligosaccharides and available carbohydrates. This new integrated method is 
based principally on existing offi cial AOAC methods 2002.02 and 991.43 and 
AOAC method 2001.03 (Gordon and Okuma, 2002). A process similar to that 
described in AOAC Offi cial Method 2001.03 allows the measurement of non- 
digestible oligosaccharides in the range from DP 3 to approx. DP 10. 

 The eWG concluded that ‘this new integrated method provides a path forward 
for analysing the full range of dietary fi bres included in the scope of the Codex 
defi nition, in a manner that better refl ects overall the fi ber that is physiologically 
relevant. This method is in the stage of collaborative study analysis and is likely 
to achieve AOAC approval’. In addition, the eWG suggested that the Committee 
should consider the inclusion of the new method of analysis for total dietary fi bre 
(McCleary, 2007), once AOAC validation has been completed. 

 In the 34th session of CCNFSDU (Geneva, Switzerland, 4–9 July 2011), the 
outcome of the 32nd meeting in Santiago, Chile (1–5 November 2010) was 
reported as follows:

   Method of analysis of dietary fi bre  
 14. The Committee recalled that the 31st Session of CCMAS had indicated that 

most of the methods of analysis for dietary fi bre were empirical and some of them 
might be overlapping, and therefore had agreed that they could be endorsed as Type 
IV in order to make them available as Codex methods and asked the CCNFSDU to 
defi ne their scope more precisely. 

 15. The Committee agreed to change the provisions for six general methods of 
analysis to describe them more precisely and proposed them as Type I methods. 
Regarding eight methods that measure individual specifi c components, the 
Committee agreed to propose them as Type II methods (one of these was subsequently 
changed to a Type III method). Regarding the three ‘other methods’, the Committee 
agreed to propose that they should be maintained as Type IV methods (See Appendix 
VI). Some delegations indicated that they were unable to comment at this stage and 
would make their comments to the CCMAS. 

 16. In reply to the proposal of CCMAS to delete the AOAC 2001.03 method, the 
Committee agreed to keep it because it was applicable when resistant starches are 
not present and AOAC 2009.01 was applicable to food that may, or may not, contain 
resistant starches.   

 These agreements are summarized in  Table 2.1  (see page 27). 
 After many years of debate within the working groups of Codex Alimentarius, 

fi nally, a consensus opinion on a defi nition of dietary fi bre has been agreed. With 
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the recent agreements on dietary fi bre methodology and Codex Alimentarius 
typing (CCMAS, Budapest, March 2011), a clear guideline has been given to food 
manufacturers, analysts and regulators.   
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  Abstract:  Intakes of dietary fi bre are linked to improved health outcomes. Dietary 
fi bre is diffi cult to defi ne and measure and not all dietary fi bre is alike. Generally most 
physiological effects are found with traditional fi bres such as cereal brans and vegetables. 
Some isolated soluble fi bres, including oats and barley, are particularly good at lowering 
blood lipids. Usual intakes of dietary fi bre are about half recommended levels, so there is 
a need to increase consumption of fi bre from all sources.  

   Key words:    dietary fi bre, fermentation, obesity, cardiovascular disease, satiety.   

    3.1  Introduction 
 Fibre is not an essential nutrient in the usual way we consider essential nutrients. 
Unlike traditional nutrients, the benefi ts of fi bre are linked to its lack of digestion 
and absorption in the upper gastrointestinal tract. Fibre has additional physiological 
effects in the colon, where it can survive transit and increase stool size or be 
fermented by intestinal bacteria. This fermentation in the gut decreases pH, 
promotes growth of microbiota, and produces short- chain fatty acids and gut 
metabolites that may play a role in disease prevention. Short- chain fatty acids are 
also absorbed in the colon and are a potential energy source. Therefore, fi bre is not 
just an inert substance that travels through the digestive tract, but plays many roles 
in digestion and absorption. 

 Additionally, dietary fi bre intake has been linked to the prevention and 
management of many diseases. Epidemiologic studies support that higher intakes 
of fi bre from all sources are associated with less incidence of cardiovascular 
disease. Additionally, fi bre’s role in enhancement of satiety and prevention of 
obesity continues to be supported by research trials. The protectiveness of fi bre for 
diabetes and different types of cancer is less consistent, but plant- based, higher 
fi bre diets are recommended in the prevention of chronic diseases across the world. 
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 The role of isolated fi bres, as compared with plant foods high in fi bre, whole 
grains, legumes, and to a lesser extent vegetables and fruits, continues to be 
debated. Plant- based diets high in fi bre have known health benefi ts, but isolated 
fi bres including  β -glucan, psyllium, and inulin modify biomarkers in human 
subjects, such as lipid lowering, improved gut function, and blood glucose 
stabilization. In fact, there are more published data on the effectiveness of isolated 
fi bres on health biomarkers than intact plant foods.  

   3.2  Fibre: defi nitions, measurement and intake 
 Traditionally, fi bre is measured as chemical components, such as cellulose, 
hemicellulose, pectin, and lignin. Currently the United States relies on an 
‘analytical approach’ to determine what is or is not considered fi bre for purposes 
of listing fi bre content on food labels. In 2001 the Institute of Medicine (IOM) 
developed the following set of working defi nitions for fi bre in the food supply:

  Dietary Fiber consists of nondigestible carbohydrates and lignin that are intrinsic 
and intact in plants. 
 Functional Fiber consists of isolated, nondigestible carbohydrates that have 
benefi cial physiological effects in humans. 
 Total Fiber is the sum of Dietary Fiber and Functional Fiber. (IOM, 2001)   

 These defi nitions recognize the diversity of non- digestible carbohydrates in the 
food supply. Fibre defi nitions and measurement continue to be debated. Most 
defi nitions suggest that fi bre is plant material not digested by mammalian enzymes. 
But some consider limiting fi bre to ‘plant material’ to be too restrictive. Some 
would include chitosan, which forms the exoskeleton of crustaceans, or certain 
heat- treated animal proteins that are not readily digestible by mammalian enzymes 
and thus reach the large intestine relatively intact. Others include in their defi nition 
of fi bre ‘resistant starch’, which may not be digested and absorbed in the small 
intestine and thus may have characteristics similar to those of fi bre, under certain 
circumstances. Resistant starches occur in some foods. But resistant starch 
can also be manufactured or produced during food processing. Whether 
oligosaccharides present in beans and other vegetables (raffi nose, stachyose and 
verbacose) and fructans (storage poly- and oligosaccharides) in vegetables and 
fruits such as onions and artichokes are fi bre has also been debated. The alcohol 
precipitation steps used in fi bre analytical techniques exclude these substances, yet 
they have biological effects similar to those of other non- digested polysaccharides. 

 Another point of discussion is whether dietary fi bre has to be intact in the food 
to be characterized as dietary fi bre, or whether it can be isolated from carbohydrates 
and still be considered fi bre. The IOM defi nition of fi bre says that dietary 
fi bre comes from food – whole grains, legumes, vegetables, fruits and nuts – while 
functional fi bre is isolated fi bre with a documented health benefi t. The basis 
for this division is that the epidemiological data describing physiological effects 
and potential health benefi ts from fi bre were generated from food frequency 
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instruments that measure the fi bre content of foods. Whether the same benefi ts 
would come from consuming isolated or manufactured fi bres is unknown. Certain 
isolated fi bres, such as oat bran and psyllium, are particularly effective in the 
lowering of serum lipids, but other isolated fi bres do not lower serum lipids. 

 Carbohydrate chemists prefer a chemical, rather than a physiological, defi nition 
of fi bre, as well as a simple, universally accepted analytical method for dietary 
fi bre to allow compliance and enforcement of fi bre labelling laws. As the range of 
fi bres in foods varies greatly, it is diffi cult to fi nd a simple, universally accepted 
method to measure fi bre. 

 The botanical categories of fi bre are cellulose, hemicellulose, pectic substances, 
gums, mucilage, algal polysaccharides and lignin. With the exception of lignin 
(a polyphenol), all fi bres are complex polysaccharides. They differ from each other 
in the sugar residues making up the polysaccharide and in the arrangement of the 
residues. The principal residues in fi bres are glucose, galactose, mannose and 
certain pentoses. Cellulose is the most widely distributed fi bre in the plant kingdom. 
It is the only truly ‘fi brous’ fi bre. Hemicelluloses include a wide variety of 
polysaccharides, which contain both pentoses and hexoses. Although these 
compounds are called hemicellulose, they are chemically unrelated to cellulose. 
Pectic substances are water- soluble polysaccharides rich in galacturonic acid. Gums 
are secreted by plants in response to injury, and as such are not part of the plant cell 
wall. However, gums are classifi ed as dietary fi bre because of the way in which 
mammalian systems use and respond to them. Mucilages are similar to gums in that 
they are polysaccharides that form viscous solutions. Because of the water- retaining 
ability of mucilages, they protect seeds from desiccation. Algal polysaccharides are 
extracted from algae and represent a diverse group of fi bres. Lignin, a polyphenolic 
compound, is found in the woody parts of plants, such as the stem. 

 Arrangement of the sugar residues in the polysaccharide is often more important 
to the physiological effect of the fi bre than are the residues themselves. Branching 
and substitutions on the primary carbohydrate chain can have major consequences 
with respect to physical properties. In addition to the primary structure of fi bre, which 
is determined by the bonds between residues, the molecule’s secondary structure also 
can affect digestibility. For example, the  α -1,4 glucose linkage in starch is readily 
cleaved by mammalian enzymes. However, modifi cation of the same starch molecule 
to produce a different three- dimensional organization may render it resistant to 
human digestive enzymes. In other words, the packing or arrangement of the 
molecule can restrict access of enzymes to the bonds they normally hydrolyse. This 
is why starch can become ‘resistant’ to enzymatic hydrolysis and act like dietary 
fi bre. Raw starches, such as raw potato and banana starch, are almost completely 
resistant to pancreatic amylase and thus reach the colon relatively intact. 

 The location of fi bre components within the plant, and whether or not fi bre is 
extracted from the plant or eaten intact, may have signifi cant physiological 
consequences. Fibre contained within an intact cell wall must fi rst be disrupted for 
the physiological effects of the particular fi bres to be exerted. Resistance to 
breakage of the cell wall depends on the structure of the cell wall and its degree of 
lignifi cation. The number of plant cells per particle ingested (particle size) also may 
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determine the accessibility of the cell wall to digestive enzymes (Slavin, 2003), as 
may cooking, processing and mastication of the food (Bjorck  et al. , 1994). 

 In establishing the dietary recommended intakes, the IOM (2002) recommended 
an adequate intake (AI) level of 14 g of fi bre for each 1000 kcal of energy 
consumed for all individuals from 1 year of age throughout the remainder of their 
lives. On the basis of median energy intakes, this equates to 25 g/day for women 
and 38 g/day for men aged 19 to 50. The AI was set at 21 g/day and 30 g/day, 
respectively, for women and men aged 51 and older based on lower median energy 
intakes for older adults. There are no data suggesting that pregnant or lactating 
women would benefi t from increased fi bre intake, yet, because energy intakes 
increase for these two groups, the recommended AIs are 28 g/day and 29 g/day for 
pregnant and lactating women, respectively. 

 Recommendations are not provided for infants younger than 1 year of age. An AI 
was not developed for this age group because milk, which contains no fi bre, is the 
primary recommended food source until 6 months of age, and there are no data on 
fi bre intake in infants until after 1 year of age. On the basis of median energy intakes, 
the AI for children from 1 to 3 years was set at 19 g/day and for children from 4 to 
8 years at 25 g/day. Once children reach 9 years of age, the energy intake between 
boys and girls differs suffi ciently that their AI levels are also different. Therefore, 
the AI for boys aged 9 to 13 years is 31 g/day, and the AI for boys aged 14 to 18 
years is 38 g/day. The AI for girls aged 9 to 18 is 26 g/day. 

 Americans consume only 15 g of fi bre per day, which is far short of the suggested 
AI levels (Slavin, 2008). However, it is possible to meet the recommended AI levels 
without drastically altering food choices (IOM, 2002). Often, the limitation that 
prevents people from meeting these goals is that they do not know which foods 
provide desirable levels of dietary fi bre. Food sources of fi bre include whole grain 
products, legumes, vegetables, and dried fruits. Most common foods consumed 
contain between 1 and 3 grams of fi bre per serving. The major sources of dietary fi bre 
in the American diets are white fl our and potatoes, not because they are concentrated 
fi bre sources but because they are widely consumed (Slavin, 2008). Comparing fi bre 
intakes across countries is diffi cult as national databases for fi bre content of foods are 
not measured by standard methods. Cust  et al.  (2009) compared fi bre intakes in the 
European Prospective Investigation into Cancer and Nutrition (EPIC) study. Total 
fi bre intakes were highest in the UK health- conscious cohort and lowest in Sweden. 
Bread, fruits and vegetables represented the largest sources of fi bre, but food sources 
varied considerably between countries. Total fi bre intakes ranged from 15 g/day to 32 
g/day, although most intakes were in the 20–25 g/day range.  

   3.3  Characterization and digestive impact of fi bre 
   3.3.1  Physiological characterization 
 Fibres are also categorized by their physiological effects. The primary 
physiological categories have been soluble versus insoluble. However, more 
recently fi bres have been characterized as being viscous versus non- viscous, or 
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fermentable versus non- fermentable (IOM, 2002). In general, the structural fi bres 
(cellulose, lignin and some hemicelluloses) are insoluble, non- viscous and less 
fermentable. In contrast, the gel- forming fi bres (pectins, gums, mucilages and the 
remaining hemicelluloses) are soluble, viscous and more fermentable, and these 
fi bres exert effects on digestion and absorption in the upper gastrointestinal tract. 
Although these generalizations are useful, there are many exceptions to these 
generalizations. Gum arabic, for example, is a soluble fi bre that does not form a 
viscous solution. Therefore current trends are no longer to characterize fi bres 
based on solubility, but to characterize them based on their functionality, which is 
more dependent on viscosity and fermentability. 

 The role that fi bre plays within the gastrointestinal tract depends on the fi bre’s 
physical and chemical attributes. One of the neurological pathways involved in 
the feeling of satiety is that of distention or physical fullness. Because fi bres are 
resistant to breakdown in the stomach, the bulk they add to the diet produces a 
feeling of fullness. Therefore, even though caloric intake may be similar, distention 
resulting from an increased fi bre intake leads to a feeling of satiety. The viscosity 
of polysaccharides and their ability to form gels in the stomach may slow gastric 
emptying. Therefore gel- forming fi bres further contribute towards a feeling of 
satiety by maintaining a feeling of fullness for a longer period after a meal (IOM, 
2002). In contrast, fi bres that do not form gels (such as wheat bran and cellulose) 
have less effect on the rate at which the meal exits from the stomach. 

 Polysaccharides that produce a viscous solution can delay and even interfere 
with the absorption of nutrients such as carbohydrates, lipids and proteins from 
the small intestine. The reasons for this effect on absorption include delayed 
gastric emptying, entrapment of nutrients in the gel- like structure, interference 
with micelle formation, and decreased access of enzymes to the nutrients. Positive 
benefi ts of delayed nutrient absorption include an improvement of glucose 
tolerance and a lowering of serum cholesterol levels. Delayed absorption of 
carbohydrate results in a lower postprandial glucose level. In general, the more 
viscous the fi bre, the greater the effect on blood glucose, although data on this 
topic are confl icting (Slavin, 2008). When glucose is absorbed in small amounts 
over an extended period, as seen with viscous fi bres, the insulin response is 
theoretically attenuated. Because of the fl attened glucose curves seen with 
ingestion of viscous fi bres, these fi bres are often recommended for diabetics, who 
typically have lipid profi les that indicate an elevated risk of cardiovascular disease. 

 Certain viscous fi bres lower serum cholesterol, including guar gum, pectin, 
psyllium, and oat and barley. The mechanism by which fi bres lower serum 
cholesterol is multifactorial. Alternatively, different fi bres may work by different 
mechanisms (Gunness and Gidley, 2010). These hypotheses include the binding 
of bile acids to fi bre, which then interferes with their enterohepatic recirculation. 
By this hypothesis, more bile acids are excreted in the faeces, requiring additional 
synthesis of bile acids from cholesterol, thus lowering the body’s cholesterol pool. 
An additional consequence of binding bile acids is that they would be less 
available for micelle formation, which in turn could interfere with the absorption 
of cholesterol and triacylglycerols. A different mechanism, which remains 
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controversial, is the production of the short- chain fatty acid propionate from 
fermentation of fi bre in the colon. Propionate is absorbed from the colon, through 
the portal vein, and has been shown by some investigators to inhibit HMG-CoA 
reductase 3-hydroxy-3-methyl-glutary-CoA reductase, the rate- limiting enzyme 
for cholesterol biosynthesis. 

 Large amounts of dietary fi bre may interfere with mineral bioavailability. 
Because the charged groups on polysaccharides are usually negatively charged, 
the tendency of dietary fi bre is to bind cations such as calcium, magnesium, 
sodium and potassium. This may limit the absorption of these minerals from the 
small intestine. This is not generally considered a public health concern, but it 
may be pertinent in certain cases when individuals have very high- fi bre diets and 
low intakes of minerals such as calcium and magnesium. On the other hand, some 
data suggest that inulin, a fructo- oligosaccharide, can enhance absorption of 
calcium in the large intestine due to the lowered pH produced by fermentation 
(Scholz-Ahrens  et al. , 2007). 

 Fibre is metabolized by the colonic microfl ora in an anaerobic process with the 
production of short- chain fatty acids, hydrogen, carbon dioxide and biomass. The 
short- chain fatty acids are the major carbon products of fermentation. Acetate is 
rapidly absorbed from the colonic lumen into the portal blood and then goes to the 
liver before entering the general circulation. Acetate is used as an energy source by 
most non- hepatic tissues in the body. Propionate, like acetate, is also rapidly absorbed 
and enters the portal vein, by which it is transported to the liver. In contrast to acetate, 
however, propionate is used by the liver. Some studies show that propionate inhibits 
HMG-CoA reductase activity. Butyrate is unique in that it is the preferred energy 
source for colonocytes (epithelial cells lining the colon) (Wong  et al. , 2006). 
Colonocytes metabolize butyrate to CO 2 , which in part spares the use of glucose. 

 Different fi bres have different bulking properties, depending on their degree of 
fermentation. Naturally, as a fi bre is fermented, it is no longer available to 
contribute directly to faecal bulk. Fermentation can, however, increase bacterial 
mass, which will bind water and increase faecal weight. Other factors that affect 
the colonocytes and are subject to dilution by dietary fi bres include bile acids, 
diacylglycerols, long- chain fatty acids and ammonia. The responses to increased 
fi bre intake may explain the reduction in colon cancer incidence observed in the 
EPIC study (Bingham  et al. , 2003). 

 As a fi bre is fermented to short- chain fatty acids, the pH of luminal contents 
decreases. This is signifi cant because many bacterial reactions are pH-sensitive. 
For example, the bacterial enzyme responsible for forming secondary bile 
acids from primary bile acids (7 α -dehydroxylase) is inactivated below a pH of 
6.5. Colon contents often can reach this pH when fi bre is fermented.  

   3.3.2  Transit time and constipation 
 Colonic motility is the largest determinant of overall gastrointestinal transit times. 
Gastric emptying averages between 2 and 5 hours, and small intestinal emptying 
time averages between 3 and 6 hours, compared with 40 to 70 hours for residue 
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from a particular meal to make its way through the lower portion of the 
gastrointestinal tract (Hillemeier, 1995). Fibre can delay absorption of some 
nutrients in the small intestine because of the dilution potential that fi bres have, 
which reduces exposure to and absorption of nutrients by epithelial cells. 

 Not all fi bres are equally effective in speeding gastrointestinal transit time. 
Dietary fi bre has been described as ‘normalizing’ transit time. Fibres are also 
effective in binding water and speeding transit and are the active ingredient in 
many laxative products (Slavin, 2008). Constipation is a persistent condition in 
which defecation is diffi cult or infrequent. Most cases of constipation are attributed 
to unknown causes, and many of these individuals can be treated by increasing 
hydration, exercise and fi bre intake. Approximately 1% of individuals may have 
intractable constipation, meaning it is not easily managed or cured.  

   3.3.3  Calorifi c content of fi bre 
 Because fi bres may be fermented to short- chain fatty acids, which can be absorbed 
from the colon and utilized for metabolism, the concept that dietary fi bre 
contributes no energy is clearly wrong. However, assigning a caloric value to 
dietary fi bre is diffi cult. The best estimate of energy yield generated by fi bre 
fermentation in humans is between 6.2 and 10.4 kJ/g (1.5 and 2.5 kcal/g) of fi bre 
(IOM, 2002), compared with 16.7 kJ/g (4.0 kcal/g) for starch.   

   3.4  Dietary fi bre (DF) and disease 
 The incidences of heart disease, colon cancer and obesity in populations consuming 
a Western- type diet are typically much higher, partly because of lower intake of 
fi bre- rich foods, than are observed in most developing countries. Many diffi culties 
are associated with the study of fi bre intake and health, and with interpretation of 
the results of published studies. The major problem is that of defi ning what type 
of fi bre is being consumed and then adequately describing how much is being 
consumed and how much is utilized within the intestinal tract. In addition, it is 
diffi cult to separate the effect of a change in dietary fi bre from the accompanying 
changes in nutrient density and nutrient intake that accompany the addition of fi bre 
sources to a diet. A comparison of a high- fi bre versus low- fi bre diet usually 
indicates an alteration in the caloric density of the diet and often results in a lower 
intake of energy sources and other nutrients, unless the bulk quantity of diet 
consumed is increased. In addition, a high- fi bre diet may imply the intake of 
additional biologically active compounds such as phytochemicals that are not 
present in the low- fi bre diet. Experimental diets should be designed to contain the 
same amount of all nutrients and non- nutrient compounds other than the fi bre 
sources chosen for comparison. The simplest design involves use of purifi ed 
fi bre sources, but purifi ed fi bre sources may not have the same effect as intact food 
sources. Therefore, much more research must be performed under tightly controlled 
protocols before the real value of dietary fi bre can be fully evaluated. 
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   3.4.1  Dietary fi bre and cardiovascular disease 
 The American Dietetic Association (ADA) published a position paper, which 
presents the fi ndings of the ADA Evidence Analysis Library systematic review on 
the health implications of dietary fi bre (Slavin, 2008). This review found fair 
evidence that dietary fi bre from whole foods may lower blood pressure, improve 
serum lipids and reduce infl ammation. Other recent studies reported a range of 
cardiovascular benefi ts associated with dietary fi bre. Flint  et al.  (2009) reported 
that cereal fi bre was associated with reduced blood pressure in adults.  

   3.4.2  Dietary fi bre and type 2 diabetes 
 The ADA position paper on the health implications of dietary fi bre (Slavin, 2008) 
concluded that limited evidence suggested that ‘diets providing 30–50g fi bre per 
day from whole food sources consistently produce lower serum glucose levels 
compared to a low fi bre diet.’ Hopping  et al.  (2010) examined the association 
between dietary fi bre and type 2 diabetes in a large multiethnic cohort in Hawaii 
over a 14-year period. Subjects in the top quintile of grain fi bre intake had a 10% 
reduction in diabetes risk, while diabetes risk was reduced by 22% among men in 
the highest quintile of vegetable fi bre intake. 

 Effects of isolated fi bres on blood glucose and insulin are inconsistent, at best. 
It is generally accepted that more soluble, viscous fi bres are most effective in 
lowering glucose and insulin response, although many studies fi nd confl icting 
results (Mathern  et al. , 2009). Willis  et al.  (2011a) found no relationship between 
intake of mixed fi bres and blood glucose and insulin response. Dietary fi bre is 
often recommended in the treatment of type 2 diabetes, although controversies 
exist on how to count the carbohydrate content of fi bre supplements given to 
diabetics (Post  et al. , 2012).  

   3.4.3  Dietary fi bre and bowel health 
 In developed countries chronic constipation is a common disorder for adults 
and children. Dietary fi bre from whole foods increases stool weight and 
improves transit time, thereby reducing constipation. The ADA systematic 
review of the health implications of dietary fi bre concluded that there was a lack 
of data examining the impact of fi bre from whole foods on outcomes in 
gastrointestinal diseases. This may be due to the complexity and cost of these 
studies (Slavin, 2008).   

   3.5  Fibre and obesity 
 There is strong epidemiological support that high fi bre intakes are linked to lower 
body weight and less weight gain over time. Biologically plausible mechanisms 
exist to help explain why fi bre would be linked to lower body weight:

   •   changes in hormones including glucose, insulin and gut hormones;  
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  •   physical effects of fi bre in the diet, leading to increased chewing, increased 
viscosity in the digestive tract and lower palatability;  

  •   gut effects of fi bre, including fermentation to short- chain fatty acids and 
changes in the microbiota.    

 Despite strong interest in these mechanisms, few published human studies link 
intake of isolated fi bres to biological mechanisms. In general, high amounts of 
fi bre are needed to show physiological changes (often 30 g per dose or more). As 
all fi bres are chemically and physiologically different, no conclusions can be 
drawn that a given amount or type of fi bre will have any effect on body weight, 
weight maintenance or satiety. As concluded in the Dietary Reference Intakes 
(DRIs), ‘there is no overwhelming evidence that Dietary Fiber has an effect on 
satiety or weight maintenance, therefore this endpoint is not used to set a 
recommended intake level.’ 

 Observational studies suggest that fi bre intake is inversely associated with 
body weight (Liu  et al. , 2003). The strongest data supporting a relationship 
between fi bre and weight maintenance come from epidemiological studies that 
fi nd dietary fi bre intake is lower for obese men and women than for lean men and 
women. Studies in which human subjects are fed low and high fi bre diets suggest 
that humans tend to eat about 10% fewer calories when high fi bre diets are 
consumed (Howarth  et al. , 2001). When these studies were conducted, the 
additional fi bres added to foods were not particularly tasty, and therefore perhaps 
reduced food intake was because of palatability, rather than a physiological 
mechanism related to fi bre. 

 There are many potential mechanisms for how increased intake of dietary fi bre 
can affect weight maintenance, and no one mechanism is widely accepted. 
Generally, mechanisms include: a) hormonal, including changes in glucose, 
insulin and gut hormones; b) physical, including effects on chewing, diet dilution 
and food form; c) gastrointestinal, such as changes in gut transit, nutrient 
digestibility, and changes in products of fermentation, including short- chain fatty 
acids, and microbiota. Thus, each fi bre source may affect energy balance via many 
different mechanisms, and few fi bres have been systematically studied for effects 
on body weight. 

 Tucker and Thomas (2009) reported that, in a 20-month period, every 1 g 
increase in total fi bre consumed per day decreased body weight by 0.25 kg. Foods 
high in dietary fi bre were measured in this study, and no functional fi bre alone was 
added to the diet. In fact, no functional fi bre, whether insoluble, soluble, viscous 
or fermentable, has been conclusively shown to alter biomarkers of interest in 
weight management. Du  et al.  (2010) found that total fi bre and cereal fi bre were 
inversely associated with subsequent increases in weight and waist circumference. 
Fruit and vegetable fi bre was also inversely associated with waist circumference 
change, but not with weight change. 

 Satiation and satiety are controlled by a cascade of factors that begins when a food 
is consumed and continues as food enters the gastrointestinal tract and is digested 
and absorbed (Benelam, 2009). As food moves down the digestive tract, signals are 
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sent to the brain, and gut hormones are produced that affect energy balance in a 
variety of ways, including slowing gastric emptying, acting as neurotransmitters, and 
reducing gastrointestinal secretions. The terms satiety and satiation are often used 
differently in the literature, and many methods exist to measure each. 

 The most common study design for satiety studies uses a test preload in which 
variables of interest are carefully controlled. Generally subjects rate aspects of 
their appetite sensations, such as fullness or hunger, at intervals and then, after a 
predetermined time interval, consume a test meal at which energy intake is 
measured. Longer- term studies typically provide foods or drinks of known 
composition to be consumed ad libitum and use measures of energy intake and/or 
appetite ratings as indicators of satiety. Measurement of satiety is complicated 
because many internal signals also infl uence appetite, such body weight, age, sex, 
habitual diet, exercise and dietary restraint. It is extremely diffi cult to conduct 
satiety studies in free- living individuals, so most studies are conducted in a 
laboratory setting. Usually visual analogue scales are used to monitor hunger, 
fullness and motivation to eat. 

 Fibre includes a wide range of compounds and, although fi bre generally affects 
satiety, not all fi bres are equally effective in changing satiety (Slavin and Green, 
2007). Typically a large dose of fi bre is required, such as 10 g or more in a serving 
of food. Viscous fi bres, such as guar gum, oat bran and psyllium, are generally 
more effective, although insoluble fi bres that survive gut transit, such as wheat 
bran and cellulose, also are known to alter satiety. 

 Willis  et al.  (2009) compared the satiety response when four different muffi ns 
were fed at breakfast. Resistant starch and corn bran had the most positive impact 
on satiety, whereas polydextrose had little effect and behaved like the low- fi bre 
muffi n. Generally, whole foods that naturally contain fi bre are satiating. Flood-
Obbagy and Rolls (2008) compared the effect of fruit in different forms on energy 
intake and satiety at a meal. Results showed that eating apple reduced lunch 
energy intake by 15 per cent compared with control. Fullness ratings differed 
signifi cantly after preload consumption, with apple being the most satiating, 
followed by apple sauce, then apple juice, then the control food. The addition of a 
pectin fi bre to the apple juice did not alter satiety. 

 Other fi bres added to drinks do change satiety. Pelkman  et al.  (2007) added low 
doses of a gelling pectin- alginate fi bre to drinks and measured satiety. The drinks 
were consumed twice a day over 7 days and energy intake at the evening meal was 
recorded. The 2.8 g dose of pectin alginate caused a decrease of 10 per cent in 
energy intake at the evening meal. Thus, it generally found that high- fi bre foods 
are more satiating and that certain isolated fi bres affect satiety while others are not 
effective. Clinical studies are needed to assess the effectiveness of isolated fi bres 
on satiety, as there are no measures of fi bre chemistry (solubility, structure, etc.) 
that can predict this effect. 

 Improved satiety and decreased food intake are common theories used to 
describe why increased fi bre intake may be associated with a lower body weight. 

 Few studies have evaluated how various doses of the same fi bre infl uence satiety 
in the same subject population. In each of these studies, the higher fi bre dose was 
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more satiating than the low- or no- fi bre dose. Mathern  et al.  (2009) studied the 
effects of 0, 4 and 8 g of viscous fenugreek fi bre on a variety of appetite sensations. 
They found that 8 g of fenugreek mixed into orange juice was signifi cantly more 
satiating than 0 or 4 g. Similarly, Gustafsson  et al.  (1994) found that portions of 
carrots containing 6 and 9 g of fi bre were signifi cantly more satiating than portions 
containing 3 g of fi bre, when incorporated into a mixed meal. 

 Studies that use lower doses of fi bre generally fi nd no effect on satiety. For 
example, Mattes (2007) found no difference in satiety when subjects consumed a 
snack bar with 4 g of mixed fi bre and a bar with 1 g of fi bre. Similarly, Hlebowicz 
 et al.  (2007) found no differences in appetite ratings after subjects consumed a 
control cereal and cereals with 1.5 to 7 g of fi bre. Lastly, a third study found snack 
bars with 4 to 10 g of added fi bre had no infl uence on appetitive sensations 
compared with a 2 g fi bre control (Peters  et al. , 2009). Collectively, the results of 
these studies suggest that higher fi bre doses may be needed to induce satiety. 
Willis  et al.  (2010) found that increasing doses of mixed fi bre, fed in muffi ns for 
breakfast, did not infl uence short- term satiety. Hess  et al.  (2011) reported that 
short- chain fructo-oligosaccharides given as 0, 5, or 8 g per dose did not enhance 
acute satiety or hunger. 

 Gut hormones are also proposed as important factors for the control of appetite 
and satiety. Ghrelin has been shown to be positively correlated with hunger, while 
glucagon- like peptide-1 (GLP-1) and peptide YY3–36 (PYY3–36) are believed to 
be inversely correlated. There is some evidence, however, that fi bre intake may 
inhibit ghrelin suppression. Compared with low- or no- fi bre foods, ghrelin 
suppression was inhibited following meals containing high doses of psyllium, 
viscous fi bres and wheat fi bre. Willis  et al.  (2010) found that ghrelin was higher 
after the 12 g fi bre muffi n, while GLP-1 was higher after the fi bre- free dose as 
compared with the fi bre treatments. 

 Juvonen  et al.  (2009) compared high- and low- viscosity beverages with 
equivalent fi bre content and found that the high- viscosity beverage signifi cantly 
slowed gastric emptying and suppressed GLP-1 release compared with the 
equivalent low- viscosity beverage. Willis  et al.  (2011b) found that a solid meal 
with naturally occurring fi bre from oatmeal and whole fruits increased gastric 
emptying time and decreased hunger more than a liquid meal with added resistant 
maltodextrin fi bre. Monsivais  et al.  (2011) reported that soluble fi bre dextrin 
improved short- term energy intake in beverages, while soluble corn fi bre, 
polydextrose and resistant starch did not, when beverages were supplemented 
with about 12 g of fi bre.  

   3.6  Dietary fi bre (DF) and microbiota 
 Evidence that the intestinal microbiota are linked with overall health is emerging 
(Davis and Milner, 2009). The adult human gut contains 100 trillion microbial 
organisms, which are referred to as the microbiota. Although the importance of 
the microbiota has been accepted for diseases of the large intestine, it is now 
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thought that the microbiota play a role in obesity control and other chronic 
diseases, ranging to autism. Because of these new ideas, interest in measuring the 
microbiota in clinical trials is high. 

 Prebiotics are defi ned as ‘a non- digestible food ingredient that benefi cially 
affects the host by selectively stimulating the growth and/or activity of one or a 
limited number of bacteria in the colon, and thus improves host health’ (De Vrese 
and Schrezenmeir, 2008). Some oligosaccharides, such as fructo- oligosaccharides 
and galacto- oligosaccharides, are generally accepted as prebiotics and are often 
added to infant formula and other food products. All prebiotics are dietary fi bres, 
but not all dietary fi bres are prebiotics. Recommended intakes of dietary fi bre can 
provide prebiotics to the diet. 

 Some of the proposed health benefi ts of prebiotics include reduction in 
diarrhoea incidence, improvements in gut health, elimination of allergies and 
prevention of infections. It is accepted that the gut microfl ora have a potential role 
in immune function, but studies showing an improvement in immunity with 
consumption of either prebiotics or probiotics are limited. Despite the continued 
interest in enhancing the gut environment, there are no cohort studies in which 
faecal samples have been collected and higher levels of bifi dobacteria or 
lactobacillus in faeces linked to improved health status. 

 The effect of prebiotics on immune function, infection and infl ammation was 
reviewed (Lomax and Calder, 2009). Results are mixed in human trials. Ten trials 
involving infants and children have mostly reported benefi ts on infectious 
outcomes, while in 15 adult trials little effect was seen.  

   3.7  Future trends 
 Hippocrates wrote in 430 BC that ‘wholemeal bread clears out the gut and passes 
through as excrement,’ supporting that physiological benefi ts of fi bre have been long 
appreciated. Fibre interest peaked in the early 1970s with the publications of Burkitt 
and colleagues (1974) extolling the virtues of unrefi ned diets high in fi bre and the 
lack of diseases in rural African populations. These are wonderful stories, but would 
not pass the rigorous scientifi c standards of today’s evidence- based reviews. 

 In an evidence- based review, the relationship between dietary fi bre and disease 
receives only moderate and limited support, since many prospective, epidemiologic 
studies do not fi nd signifi cant relationships between intake of fi bre and disease 
incidence. These studies are limited by low consumption of dietary fi bre in most 
cohorts. Generally grain fi bre is more protective than either vegetable or fruit 
fi bre, while intake of legume fi bre is too low to determine accurately. 

 Fibre science is likely to stall out again unless agreement can be reached on 
defi nitions for dietary fi bre and methods to measure dietary fi bre. Isolated fi bres 
vary greatly in chemical composition and physiological effect, and clinical studies 
are needed to show that these fi bres provide some physiological effectiveness. 

 Current interest in fi bre is high, although much interest is focused on vegetarian 
eating patterns including fruits, vegetables and whole grains. Support for the 
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health benefi ts of these eating patterns is also quite weak when an evidence- based 
review is conducted. Additionally, if these foods are found to have protective 
properties, then it could be the dietary fi bre, vitamins, minerals or phytochemicals 
in plant- based foods that provide the protective benefi ts. 

 Dietary fi bre does have accepted physiological benefi ts, especially in the area 
of bowel health. Although the scientifi c data may be inconsistent, the booming 
sales of over-the-counter fi bre supplements sold as laxatives supports that many 
consumers know that dietary fi bre aids digestive health and they rely on fi bre 
supplements for regularity. 

 Public health messages to increase intake of plants high in fi bre, whole grains, 
legumes, vegetables and fruits are appropriate. Despite much talk about the 
importance of fi bre in the diet, intakes of fi bre continue to be about half 
recommended levels. Consumption of fi bre as supplements or as an additive in 
foods or drinks may be necessary if consumers are to reach recommended intakes 
of fi bre.   
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  Abstract:  Epidemiological evidence shows that consumption of wholegrain foods 
decreases the risk of chronic diseases such as type 2 diabetes. However, it is unclear 
whether the benefi cial effects are due to whole grains or, in fact, to cereal dietary fi bre. 
Despite the convincing evidence of epidemiological studies, intervention studies do not 
consistently confi rm the benefi ts of whole grains as compared with refi ned grains. This 
may be due to limitations on intervention studies such as study population, control of 
intervention diet, and outcome measures. Food factors, such as chemical composition and 
structure of foods, should also be taken into account when considering the health effects 
of wholegrain foods.  

   Key words:    wholegrain foods, type 2 diabetes, epidemiological, cereal dietary fi bre, 
food factor.   

    4.1  Introduction 
 Intake of wholegrain foods, like that of fruit and vegetables, is increasingly 
recommended as a part of a healthy diet. Dietary Guidelines for Americans 2010 
recommend increasing the consumption of whole grain foods and limiting that of 
refi ned grain foods (US Department of Agriculture and US Department of Health 
and Human Services). Refi ned grains should be replaced with whole grains so that 
at least half of the grains consumed are whole grains. 

 In the United States, the fi rst wholegrain health claim was accepted in July 
1999 for foods containing 51% or more wholegrain ingredients (Food and Drug 
Administration (FDA) 1999). According to the health claim, the risk of heart 
disease and certain cancers may be reduced by diets rich in wholegrain foods and 
other plant foods and low in total and saturated fat and cholesterol. Wholegrain 
health claims related to heart disease were later approved in the UK (Joint Health 
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Claims Initiative (JHCI) 2002) and in Sweden (Swedish code 2003). These health 
claims on whole grains are based on scientifi c evidence from epidemiological 
studies. In autumn 2010, the European Food Safety Authority (EFSA) rejected the 
wholegrain health claim in Europe, stating that wholegrain foods are not 
suffi ciently characterized and a cause and effect relationship is inadequate to 
support the health claim (European Food Safety Authority (EFSA) 2010a). 

 In this chapter, the health effects of wholegrain foods are discussed with the 
main emphasis on type 2 diabetes. It is not easy to distinguish the effects of whole 
grains from those of cereal fi bre. In addition to convincing epidemiological 
studies, health effects of wholegrain foods as compared with refi ned grain foods 
have been tested in human intervention studies with contradictory results. Possible 
reasons for the inconsistent results and food factors important for health effects 
will also be discussed.  

   4.2  Epidemiological studies 
   4.2.1  Protective effects of wholegrain foods 
 Epidemiological studies show that increased consumption of wholegrain foods is 
associated with decreased risk of type 2 diabetes and metabolic syndrome 
( Table 4.1 ), and cardiovascular disease (CVD) outcomes such as coronary heart 
disease, stroke and fatal CVD (Anderson  et al.  2000, Mellen  et al.  2008). 
Furthermore, increasing the intake of whole grains is associated, although not 
consistently, with improvement in several risk factors for type 2 diabetes and 
CVD: total cholesterol (Jensen  et al.  2006, Newby  et al.  2007) and low density 
lipoprotein (LDL)-cholesterol concentration (Newby  et al.  2007, McKeown  et al.  
2002), homocysteine concentration (Jensen  et al.  2006, Lutsey  et al.  2007), 
insulin sensitivity (Liese  et al.  2003, Steffen  et al.  2003), fasting insulin 
concentration (McKeown  et al.  2002), C-peptide and leptin concentration (Jensen 
 et al.  2006), and 2-hour glucose concentration (Newby  et al.  2007). Regarding 
cancer, recent studies have shown a protective effect of whole grains and cereal 
fi bre on the risk of colorectal cancer (Larsson  et al.  2005, Schatzkin  et al.  2007) 
but also opposite results have been reported (Park  et al.  2005). 

 A diet including wholegrain foods seems to be associated with a lower risk of 
being overweight, and can slightly help to reduce weight gain (Williams  et al.  
2008). There is some evidence that whole grains affect fat accumulation in the 
body: consumption of whole grains lowered the volume of visceral adipose tissue, 
whereas the volume was increased by consumption of refi ned grains (McKeown 
 et al.  2010).  

   4.2.2  Whole grains and cereal dietary fi bre 
 Current evidence supports the role of wholegrain foods in the decreased risk of 
type 2 diabetes. However, based on the epidemiological studies reported, it is not 
possible to conclude whether the observed effects are due to intake of wholegrain 
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foods or whether it is, in fact, the bran or cereal dietary fi bre mediating the effect. 
Studies concerning cereal fi bre also show that increased consumption of cereal 
based fi bre decreases the risk for type 2 diabetes ( Table 4.2 ). In addition, Fung 
 et al.  (2002) and McKeown  et al.  (2004) report that the signifi cant association of 
whole grains with type 2 diabetes or metabolic syndrome was largely explained 
by cereal fi bre. Only one study conducted in Australia shows no reduced risk of 
type 2 diabetes with increased intake of cereal fi bre (Hodge  et al.  2004). 

 When the dietary data of epidemiological studies were collected in the 1980s 
and 1990s, no unambiguous defi nition of whole grains existed. At present, 
defi nitions have been agreed for whole grains and wholegrain foods (as discussed 
by Van der Kamp and Lupton in  Chapter 1  of this book). It is unlikely that the 
subjects in the epidemiological studies consumed wholegrain foods according to 
the current defi nition. In seven of the epidemiological studies conducted in 
the USA regarding type 2 diabetes, metabolic syndrome, or risk factors for type 
2 diabetes, a similar food frequency questionnaire (FFQ) was used to assess the 
intake of wholegrain foods (Jensen  et al.  2006, McKeown  et al.  2002, Steffen 
 et al.  2003, Fung  et al.  2002, McKeown  et al.  2004, Liu  et al.  2000, Meyer  et al.  

    Table 4.2     Reported intakes of cereal fi bre in epidemiological studies showing a 
decreased risk of type 2 diabetes with increasing intake of cereal fi bre  

 Intake of cereal 
fi bre (g/d) 1  

 Method and year of 
dietary assessment 

 Results 2   Reference and 
country of study 

 2.5 vs. 10.2  131-item FFQ 
 1986 

 0.7 (CI 0.51;0.96) 
  p  for trend = 0.007 

 Salmerón  et al.  
1997a 
 USA 

 2.0 vs. 7.5  134-item FFQ 
 1986 

 0.72 (CI 0.58;0.9) 
  p  for trend = 0.001 

 Salmerón  et al.  
1997b 
 USA 

 2.66 vs. 9.43  127-item FFQ 
 1986 

 0.64 (0.53;0.79) 
  p  for trend = 0.0001 

 Meyer  et al.  2000 
 USA 

 Not reported  66-item FFQ, 
 1987–9 

 For whites 
 0.75 (CI 0.60;0.92) 
  p  for trend = 0.006 

 Stevens  et al.  2002 
 USA 

 For African-Americans 
 0.86 (CI 0.65;1.15) 
  p  for trend = 0.525 

 0.47–12.0 vs. 
24.5–111 

 Dietary history 
interview, 
 1966–72 

 0.39 (CI 0.20;0.77) 
  p  for trend = 0.01 

 Montonen  et al.  
2003 
 Finland 

 3.1 vs. 8.8  133-item FFQ 
 1991, 1995 

 0.64 (CI 0.48;0.86) 
  p  for trend = 0.004 

 Schulze  et al.  2004 
 USA 

 6.6 vs. 16.6  148-item FFQ, 
 1994–8 

 0.72 (CI 0.56;0.93) 
  p  for trend = 0.02 

 Schulze  et al.  2007 
 Germany 

   Notes: FFQ, food frequency questionnaire; CI, confi dence interval. 
    1  The lowest vs. the highest quintile/quartile. 
    2  Risk ratio with 95% confi dence interval; the highest intake quintile/quartile as compared with the 
lowest.     
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2000). In these studies, the wholegrain food category included wholegrain 
breakfast cereal, dark bread, popcorn, cooked oatmeal, wheat germ, brown rice, 
bran and other grains (e.g. bulgur, kasha, couscous). Breakfast cereals were 
regarded as wholegrain if the product contained ≥ 25% whole grains or bran by 
weight. Also the composition of ‘dark bread’ remained unspecifi ed. 

 In other USA studies the classifi cation of the wholegrain food group is more 
strictly defi ned. Dark bread was defi ned as whole wheat, rye, pumpernickel or 
other high- fi bre bread (Lutsey  et al.  2007, Liese  et al.  2003, van Dam  et al.  2006). 
Jensen  et al.  (2006) are the only investigators who left out dark bread because 
they did not regard it as a wholegrain food. A wholegrain food was also defi ned 
according to the proportion of wholegrain ingredients in the product (Sahyoun 
 et al.  2006), or the amount of wholegrain ingredients consumed was calculated 
from the cereal foods consumed (Jensen  et al.  2006, Newby  et al.  2007, de Munter 
 et al.  2007). Thus, it is of importance to pay attention to how the whole grains are 
defi ned in the study reports: reporting the intake of whole grains as ingredients is 
a more specifi ed way to report wholegrain intake than reporting servings of 
unspecifi ed wholegrain foods. 

 In spite of the differences among the studies defi ning wholegrain foods and 
calculation of intake, there are statistically signifi cant inverse associations 
between wholegrain food intake and the risk of type 2 diabetes, metabolic 
syndrome, or risk factors for type 2 diabetes. The study by Yoo  et al.  (2004) 
showed no association between wholegrain consumption and features of the 
metabolic syndrome, probably because the intake of wholegrain foods among 
young adults (aged 19–38 years) was very low (< 0.5 servings/d). When the intake 
is reported as wholegrain ingredients, a benefi cial health effect is observed with 
intake of 31–55 g (on average 44 g) of whole grains a day (Jensen  et al.  2006, 
Newby  et al.  2007, de Munter  et al.  2007). Wholegrain wheat and rye contain 
11.6–17.0% and 15.2–20.9% of total fi bre, respectively (Vitaglione  et al.  2008). 
Hence, the calculated intake of cereal fi bre from the average intake of whole grain 
ingredients is 6–8 g/d. In the USA, decreased risk of type 2 diabetes is reported 
with a mean daily intake of 9 g of cereal fi bre ( Table 4.2 ); an amount that is close 
to the above calculated intake of fi bre from wholegrain foods. Based on these 
calculations, it can be stated that the cereal fi bre is an important mediator of the 
health effects of wholegrain foods.   

   4.3  Human interventions 
 The intervention studies conducted with mainly wholegrain wheat and rye 
products show varied outcomes, not always supporting the epidemiological data 
( Table 4.3 ). In intervention studies, only the changes in risk factors for type 2 
diabetes and other chronic diseases can be detected due to the rather short duration 
of the interventions. Improved insulin sensitivity and decreased fasting insulin 
concentration (Pereira  et al.  2002, Rave  et al.  2007) or improved acute insulin 
response (Juntunen  et al.  2003b, Laaksonen  et al.  2005) have been detected in 
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some intervention studies. Furthermore, a few interventions show benefi cial 
effects on total and LDL cholesterol concentrations, blood pressure, percentage of 
abdominal fat, and C-reactive protein (CRP) with consumption of wholegrain 
foods (Leinonen  et al.  2000, Katcher  et al.  2008, Giacco  et al.  2010, Tighe  et al.  
2010). However, several studies have not observed effects on glucose and insulin 
metabolism or other risk factors for chronic diseases among subjects consuming 
wholegrain foods (Leinonen  et al.  2000, Katcher  et al.  2008, Giacco  et al.  2010, 
Tighe  et al.  2010, McIntosh  et al.  2003, Andersson  et al.  2007, Brownlee 
 et al.  2010). 

 There are several possible reasons why the results from the intervention studies 
are not consistent. First, not all the above mentioned intervention studies were 
conducted to study the effects of wholegrain foods on the risk factors of type 2 
diabetes, such as glucose and insulin metabolism. For example, McIntosh  et al.  
(2003) aimed to investigate markers of bowel health and no other risk factors for 
chronic diseases. Second, the technique to measure glucose and insulin metabolism 
varies among the studies. Fasting glucose and insulin measurements are not 
sensitive enough to detect subtle changes in active glucose and insulin metabolism, 
and especially in an everyday life setting when people mostly are in a postprandial 
state. Thus, more informative measurements are needed. 

 Among the intervention studies the way of measuring insulin sensitivity or 
resistance varies. The euglycaemic hyperinsulinaemic clamp technique, frequently 
sampled intravenous glucose tolerance test (FSIGTT), and insulin sensitivity 
index (ISI) derived from the oral glucose tolerance test (Matsuda and DeFronzo, 
1999) refl ect whole body insulin sensitivity after an insulin and/or glucose 
challenge (Priebe, 2009). Instead, homeostatic model assessment (HOMA) and 
quantitative insulin sensitivity check index (QUICKI) only measure hepatic 
insulin sensitivity in the fasting state. Thus, different ways of measuring insulin 
sensitivity should be taken into account when interpreting the results. 

 In some intervention studies wheat or rye has been the sole grain used, but in 
other studies the intervention diet has consisted of both wheat and rye, and oats, 
in different proportions. Different types of grains should be studied separately 
since they may have different effects on the responses. For example, when a rye 
bread-based diet was compared with a wheat and oat bread-based diet, the acute 
insulin response was improved (Laaksonen  et al.  2005) and infl ammatory markers 
decreased (Kallio  et al.  2008) only with rye bread. Furthermore, not only the 
type of a grain but also the preservation of the botanical structure are important 
determinants of the physiological effects of grains. Pereira  et al.  (2002) and 
Andersson  et al.  (2007) mention that the test products used in their studies were 
mainly based on milled fl our, but other researchers have not provided any 
description of the milling or particle size of the fl our used. 

 Additional factors that should be taken into account when interpreting the 
results of the intervention studies are health status of the subjects and controlling 
of the diets. Whether the subjects have been healthy or had features of the 
metabolic syndrome may affect the results; changes in biochemical responses 
may be larger and easier to detect in subjects with abnormalities in the metabolism. 
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Both the intervention and control diets should be carefully designed and their use 
controlled to limit confounding by other dietary factors than whole grains. For 
example, Brownlee  et al.  (2010), who observed no effect in any measured 
outcome, did not monitor the consumption of refi ned grains in the control group. 
Moreover, further analyses of their data revealed that on the wholegrain diet the 
intake of energy and carbohydrates increased from the baseline, which may have 
compromised the benefi cial effects of whole grains. 

 Characterization of the food/constituent, use of appropriate outcome measures, 
conditions of use of the product, and representativeness of the target group are 
also factors considered when EFSA is evaluating the evidence compiled for 
substantiation of the health claims. In 2010, EFSA provided draft guidance on 
scientifi c requirements for health claims related to gut and immune function, 
including acceptable outcome measures for appropriate disease risk reductions 
(European Food Safety Authority (EFSA) 2010b). In the near future, EFSA’s aim 
is to provide more detailed information also on other specifi c topics such as health 
claims related to blood glucose control. For planning and preparing clinical 
interventions on whole grains, EFSA’s guidance is worth taking into account.  

   4.4   Food factors important for the health effects of 
wholegrain foods 

 Several explanations have been presented in epidemiological studies for the 
protective effect of whole grains. Common mechanisms suggested are improved 
insulin sensitivity (Jensen  et al.  2006, Fung  et al.  2002, McKeown  et al.  2004, van 
Dam  et al.  2006) and reduced and slow glycaemic response of wholegrain foods 
(Fung  et al.  2002, McKeown  et al.  2004, Liu  et al.  2000, Meyer  et al.  2000, 
Esmaillzadeh  et al.  2005), which, however, is affected by the particle size of the 
fl our of the grain products. The epidemiological studies do not provide information 
about the milled or intact form of the grains. Only Meyer  et al.  (2000) mention 
that the wholegrain products may have consisted mainly of milled grains, that is, 
wholemeal fl our. 

 Components of whole grains linked to the protective effects, in addition to 
fi bre, are antioxidants or, in general, phytochemicals associated with grain fi bre 
(Jensen  et al.  2006, Newby  et al.  2007, Liese  et al.  2003, Liu  et al.  2000, van Dam 
 et al.  2006, Sahyoun  et al.  2006, Esmaillzadeh  et al.  2005). It is also proposed that 
production of short chain fatty acids (SCFA) from insoluble fi bre in the colon 
would have an effect on hepatic insulin sensitivity or on enhanced glucose 
oxidation and insulin clearance (Liese  et al.  2003). Possible protective mechanisms 
of whole grains, including gut fermentation of indigestible carbohydrates, are 
reviewed by Slavin (2004). Despite the suggestions in the epidemiological studies, 
intervention studies have not been able to elucidate the mechanisms underlying 
the lowered risk of type 2 diabetes by consumption of wholegrain foods. 

 The intervention studies on wholegrain foods have unfortunately not taken 
into account chemical composition and structure of whole grains used in the 
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test products. In the following, the signifi cance of these factors is discussed in 
more detail. 

   4.4.1  Chemical composition 
 Wholegrain raw material differs from refi ned grain ingredients in containing the 
bran and embryo. In refi ned grain foods, the outer part of a grain has been removed, 
substantially lowering the content of fi bre. Grain fi bre includes a diverse mixture 
of cell wall carbohydrate polymers. These polymers are located in different 
cell wall structures forming three bran layers; pericarp, testa and aleurone (Surget 
and Barron 2005). The outermost layer, pericarp, contains insoluble fi bre and 
bioactive compounds. The testa, between the pericarp and aleurone layers, is 
rich in alkylresorcinols. Aleurone contains insoluble and soluble fi bre, bioactive 
compounds, vitamins and minerals. The main fi bre components in grains are 
cellulose, arabinoxylans (AX) and  β -glucan (Selvendran 1984).  β -Glucan is 
found in high concentrations in barley and oats (Brennan and Cleary 2005, 
Andersson  et al.  2008). The main dietary fi bre constituent in wheat and rye is AX 
(Kamal-Eldin  et al.  2009). Rye also contains high amounts of fructan (Karppinen 
 et al.  2003). 

 The spectrum of bioactive compounds in grains is diverse. For example, the 
major bioactive compounds in wheat bran are sulfur compounds, minerals and 
trace elements, polyphenols (mainly phenolic acids), alkylresorcinols, betaine, 
choline and phytosterols (Fardet 2010). All these compounds chemically 
associated with fi bre are included in the defi nition of dietary fi bre by the Codex 
Alimentarius Commission (FAO/WHO Codex Alimentarius Commission 2009) 
and the European Union (European Union 2008). A comprehensive description of 
these bioactive compounds and their possible health effects was recently reviewed 
by Fardet (2010) and Okarter and Liu (2010). 

 Naturally, there is large chemical heterogeneity among different grains due to 
the type, variety and growing conditions (Kamal-Eldin  et al.  2009, Gebruers  et al.  
2010, Shewry  et al.  2010). Furthermore, it is not only the chemical composition 
of grains but also how the components are organized in the grain structure that is 
an important contributor for the physiological effects of grain products. 

 The presence of fi bre- associated bioactive compounds probably has an 
important role in mediating the physiological effects of grain fi bre. These 
compounds have a wide range of structures but the knowledge of their intakes, 
bioavailability and metabolism in the human body is incomplete (Saura-Calixto 
2011).  

   4.4.2  Structure 
 Both the molecular and botanical structures of grains and process- induced food 
structure affect the physiological responses to grain products. As already pointed 
out, prevalence of intact botanical structure of grains is an important determinant 
of glycaemic response. Intact or coarsely ground grains increase postprandial 
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glucose concentration less than fi nely milled fl our due to limited accessibility of 
 α -amylase to starch (Fardet  et al.  2006, Nilsson  et al.  2008). Starch in rye bread 
can also be inaccessible to effective digestion in the small intestine due to the 
swollen starch granules and outleached amylose, which make the structure of rye 
bread hard (Juntunen  et al.  2003a). 

 In addition to the grain and food structure, the structure and chemical 
composition of cereal fi bre have effects on physiological responses.  β -Glucans in 
oats and barley are viscous cereal fi bres that form a gel by binding water in the 
upper gastrointestinal tract (Dikeman and Fahey 2006). The viscosity in the 
stomach and small intestine benefi cially affects glycaemic responses and blood 
cholesterol concentrations (Dikeman and Fahey 2006, Jenkins  et al.  2000). The 
viscosity is affected by molecular weight of the fi bre, and thus physiological 
responses to viscous fi bres may be altered by processing conditions that change 
the molecular weight and viscosity (Dikeman and Fahey 2006). 

 Grain fi bre with the associated bioactive compounds provides various 
substrates for large intestinal fermentation. Fermentation is dependent on the type 
and structure of fi bre, which in turn determine the physiological and metabolic 
effects (Guillon  et al.  2007). Large and complex polysaccharides and their 
organization in cell walls may provide an advantage over the more rapidly 
fermented oligosaccharides since their fermentation takes place slowly and is 
prolonged further along the large intestine (Glitsø  et al.  1999, Glitsø  et al.  2000, 
Crittenden  et al.  2002, Le Gall  et al.  2009). Fermentation of grain fi bre produces 
SCFA, such as acetate, propionate and butyrate, which are absorbed from the 
large intestine (Wong  et al.  2006). Evidence based on  in vitro  studies suggests that 
SCFA might have positive effects on peripheral insulin sensitivity (Denise 
Robertson 2007). In addition, the phenolic compounds released from the grain 
fi bre complex in the large intestine may partly determine the health benefi ts of 
wholegrain foods (Vitaglione  et al.  2008).   

   4.5  Conclusion and future trends 
 Epidemiological evidence suggests that intake of wholegrain foods decreases 
the risk of several chronic diseases such as type 2 diabetes. This hypothesis has 
led to several clinical intervention studies in which the effect of consuming 
wholegrain foods versus refi ned grain foods has been investigated with respect to 
risk factors for type 2 diabetes. However, intervention studies have thus far not 
provided consistent evidence of the advantage of wholegrain foods over refi ned 
grain foods. 

 Intake of wholegrain foods has been assessed by self- reported consumption 
based on food frequency questionnaires or food records when measuring the 
consumption of wholegrain foods. In future, fasting plasma concentration of 
alkylresorcinols could be used as a relatively reliable biomarker of consumption 
of wholegrain wheat and rye in both epidemiological studies and interventions 
(Aubertin-Leheudre  et al.  2008, Landberg  et al.  2009, Ross  et al.  2009, Montonen 
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 et al.  2010). Moreover, by measuring the proportion of different alkyl chain 
lengths in alkylresorcinols, it is also possible to estimate whether the source of 
whole grain in the diet has mainly been wheat or rye, or both. 

 In addition to the need for biomarkers refl ecting objective intake of wholegrain 
foods in intervention studies, more detailed information about intake of cereal 
fi bre during an intervention and about the structure of grain ingredients in 
intervention products is required. The botanical and molecular structure of the 
grain most probably has a role in determining the health effects of wholegrain 
foods. 

 In general, events mediated via the small intestine, such as glycaemic response 
or cholesterol absorption, have been considered to explain the effects of grain 
foods and the role of the large intestine has been largely ignored. The demonstrated 
benefi cial effects of whole grains in the large intestine are restricted to the local 
effects of dietary fi bre such as decreased transit time, increased faecal weight, 
increased faecal frequency or improved faecal consistency (Pereira  et al.  2002, 
McIntosh  et al.  2003, Grasten  et al.  2000, Li  et al.  2003, Bird  et al.  2008). 
Recently, however, interest has emerged also in the effects of the large intestinal 
events elsewhere in the body. It has been suggested that the association of 
cereal fi bre intake with decreased risk of type 2 diabetes is mediated via gut 
(Weickert and Pfeiffer 2008). The mediating mechanisms most probably include 
large intestinal fermentation derived from gut microbiota. At the moment, 
multidisciplinary research is going on in fi elds such as cereal technology, clinical 
nutrition, microbiology, molecular biology and metabolomics, aiming to explain 
the role of the large intestine in the development and prevalence of chronic 
diseases. The multidisciplinary approach also requires multifactorial data analyses 
to combine dietary, clinical and microbial data. 

 In the epidemiological studies, those who consumed the highest amount of 
wholegrain foods weighed less, were more physically active, smoked less, and 
consumed less alcohol and fat than those with the lowest consumption of 
wholegrain foods (Fung  et al.  2002, Liu  et al.  2000, Meyer  et al.  2000, van Dam 
 et al.  2006, de Munter  et al.  2007). A recent systematic review and meta- analysis 
concluded that dietary patterns characterized by high intake of whole grains, fruit 
and vegetables, fi sh and poultry, and by decreased intake of red meat, processed 
foods, sugar- sweetened beverages and starchy foods, decrease the risk of type 2 
diabetes (Esposito  et al.  2010). For the healthful dietary pattern, choosing 
wholegrain foods instead of refi ned grain foods is essential. Thus, a wide selection 
of wholegrain products on the market would help consumers in building up and 
following a balanced diet.   
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  Abstract:  This chapter describes the evolving defi nition of dietary fi bres and their 
technical functionalities when applied in various food products. Dietary fi bres can be 
categorized into three groups, insoluble dietary fi bre, soluble dietary fi bre and resistant 
starch. Soluble dietary fi bre has been widely used as thickener, emulsifi er, stabiliser, fat 
replacer, suspending and gelling agents, etc. in food and pharmaceutical industry. For 
each dietary fi bre ingredient, the chemical composition, physical and functional 
properties, and common applications are described in the chapter. Dietary fi bres are 
becoming one of the most important food ingredients for their irreplaceable roles of 
techno-functional as well as biofunctional purposes in food products. The future trends 
and challenges of dietary fi bre applications are also discussed. 

   Key words:    dietary fi bre, food ingredients, thickener, emulsifi er, stabiliser, fat replacer, 
suspending agent, gelling agent, technical functionality, biofunctionality.  

      5.1  Introduction 
 The latest version of the defi nition of dietary fi bre was approved by the Codex 
Alimentarius Commission during the 32nd Session at FAO Headquarters, Rome, 
29 June to July 2009 (ALINORM 09/32/A):

  Dietary Fibre means carbohydrate polymers with ten or more monomeric units, 
which are not hydrolysed by the endogenous enzymes in the small intestine of 
humans and belong to the following categories:

   Edible carbohydrate polymers naturally occurring in the food as consumed;  
  Carbohydrate polymers, which have been obtained from food raw material by 

physical, enzymatic or chemical means and which have been shown to have a 
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physiological effect of benefi t to health as demonstrated by general accepted 
scientifi c evidence to competent authorities;  

  Synthetic carbohydrate polymers which have been shown to have a physical 
effect of benefi t to health as demonstrated by general accepted scientifi c evidence to 
competent authorities.    

 When derived from a plant origin, dietary fi bre may include fractions of lignin 
and/or other compounds when associated with polysaccharides in the plant cell walls 
and if these compounds are quantifi ed by the AOAC gravimetric analytical methods 
for dietary fi bre analysis: fractions of lignin and the other compounds (proteic 
fractions, phenolic compounds, waxes, saponins, phytates, cutin, phytosterols, etc.) 
intimately ‘associated’ with plant polysaccharides in the AOAC 991.43 method. 

 Decision on whether to include carbohydrates of 3 to 9 monomeric units should 
be left to national authorities.   

 The concept of dietary fi bre is broad, and many ingredients routinely applied in 
food chains belong to the category of dietary fi bre. These ingredients are widely 
applied in various kinds of food products. 

 In this chapter, commonly used ingredients serving as dietary fi bre will be 
described. The dietary fi bre ingredients will be categorized into three groups: 
insoluble dietary fi bre, soluble dietary fi bre and resistant starch. It is worth noting 
that some dietary fi bres are pure polysaccharides or oligosaccharides, whereas 
many dietary fi bres also contain other compounds (proteic fractions, phenolic 
compounds, waxes, etc.) after extraction from plant origin. Those compounds are 
also included in the defi nition of dietary fi bres if they are intimately associated 
and may exert extra benefi cial physiological effects (Phillips and Cui, 2011). 

 For each dietary fi bre ingredient, four areas will be covered in the description: 
fi rst, chemical composition, including monosaccharide units, linkage pattern and 
chemical structure; second, physical properties such as appearance as an ingredient, 
viscosity and/or gelling property, concentration dependency, and interactions 
with other food components; third, functional properties under various 
environmental and processing conditions; and, fi nally, its common applications 
in food products.  

   5.2  Technical functionalities of dietary fi bre ingredients 
 This section describes the technical functionalities of dietary fi bre ingredients, 
including hydration and water- holding capacity, viscosity, gel- forming property, 
emulsifi cation property, fat replacement property, and interaction with other 
components. These technical functionalities or techno- functional properties are 
highly infl uenced by the physicochemical properties of dietary fi bres, such as 
particle size, porosity, molecular weight, and conformation in aqueous solution. 

   5.2.1  Hydration and water- holding capacity 
 Hydration is a process wherein the fi bres in contact with water start absorbing 
water molecules due to the hydrophilic nature of dietary fi bre. Hydration properties 
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of dietary fi bres are related to the chemical structure of the component 
polysaccharides, and other factors such as porosity, particle size, ionic form (if 
charged), pH, temperature, ionic strength, type of ions in solution and stresses 
upon the fi bre ingredient (Doublier and Wood, 1995; Elleuch  et al. , 2011). Water- 
holding capacity is a measure of the amount of water that can be absorbed, fi xed 
or held by the ingredient after equilibrium of hydration (Cui and Roberts, 2009). 
The particle size, chemical composition, and structure of dietary fi bre infl uence 
the water- holding capacity. The water- holding capacity of soluble polysaccharides 
is usually higher than that of insoluble ones. 

 Most raw materials containing cereal fi bres are ground for better acceptance of 
the fi nal product, and this process can affect hydration properties. For example, 
the swelling and water- binding capacity of pea hull fi bres was decreased while the 
water- holding capacity was slightly increased through grinding (Ralet  et al. , 
1993). The kinetics of water uptake was also different: the ground product 
hydrated instantaneously; in contrast, the unground product reached equilibrium 
after 30 minutes; this was believed to be related to the differences in their surface 
area (Ralet  et al. , 1993). Hydration properties can be changed by processing and 
heat treatment. For example, for wheat bran- and apple fi bre-based products, 
boiling slightly increased the water- binding capacity, while steam- cooking and 
roasting showed no signifi cant effects; the kinetics of water uptake was also 
different for various products (Caprez  et al. , 1986).  

   5.2.2  Viscosity 
 Viscosity is caused by the entanglement of polysaccharide chains in aqueous 
solution, which creates friction for the fl ow of liquid. Viscosity is defi ned as the 
ratio of shear stress to shear rate, and depends largely on molecular weight, 
structure and conformation of the polymers in a solution (Wang and Cui, 2005). 
Polysaccharides contain a large number of hydroxyl groups, oxygen atoms and 
other groups that may interact with water molecules, mainly through hydrogen 
bonding. The mobility of water, and even the formation and growth of ice crystals, 
can be controlled by those interactions, thus exerting signifi cant impacts on the 
textural and consumer acceptance of foods. Conformation in solution determines 
the ability to give viscosity. At the same molecular weight, a rigid ‘rod- like’ 
conformation such as that of xanthan can give high viscosity at a low concentration, 
while a random coil- like or globular structure will give low viscosity because the 
molecules occupy less volume in the solution.  

   5.2.3  Gel- forming capacity 
 After mixing with liquid, some dietary fi bres can form a gel. The gel- forming 
capacity and the extent of thickening are affected by the chemical composition, 
concentration, ionic type and strength, pH, temperature, and so on (Wang and Cui, 
2005). The polymer chains are cross- linked via covalent or non- covalent bonds so 
as to form a three- dimensional polymer network, among which intermolecular 
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interactions, including hydrogen bonding, ionic bonding, hydrophobic 
interactions and van der Waals attraction, may contribute to the gelation of 
polysaccharides. Gelling behaviour varies with the type of polysaccharide (Cui 
and Roberts, 2009).  

   5.2.4  Emulsifi cation properties 
 Although polysaccharides are not conventionally used as surface active 
components due to their hydrophilic properties, they are widely added to emulsions 
to stabilize the system. One important reason is that polysaccharides can act as 
thickeners to slow down droplet fl occulation and/or creaming. When the 
concentration is high enough, polysaccharides can form a three- dimensional 
network through intermolecular entanglements to entrap the oil droplets and 
effectively inhibit their movement, thus prolonging the stability of the emulsion 
system (Wang and Cui, 2005; Dickinson, 2009). Several polysaccharides may 
exhibit surface activity due to possessing hydrophobic groups or containing a 
certain amount of protein which is diffi cult to separate. For polysaccharides with 
surface activities, the addition of polysaccharides to emulsions can reduce the 
surface tension; a further increase in concentration can result in increased viscosity 
of the aqueous phase, thus stabilizing the emulsion system.  

   5.2.5  Fat replacement properties 
 Some dietary fi bres can be used as fat replacers in food due to their excellent 
water management properties. When fat is removed from food products, 
additional water will be added to replace it. Some dietary fi bres play key 
roles in controlling this extra added water to prevent change of the original 
texture. Researchers have focused on the use of soluble dietary fi bres in dairy 
and bakery products, such as the use of inulin, gellan, guar gum or resistant 
starch in cheese, yogurt, muffi n and sausage (Zahn  et al. , 2010; Ozboy-Ozbas 
 et al. , 2010). To retain juiciness and keep the original texture without 
negative impacts on fl avour are the most important characteristics when 
incorporating dietary fi bres as fat replacers into novel healthy food products 
(Brewer, 2012).  

   5.2.6  Interaction with other components 
 Polysaccharides can interact with other food components and lead to enhanced 
functional properties or adverse effects on nutrient availability. Some of the 
interactions are exploited in food products. Polysaccharide/protein interactions 
are used in emulsion systems to give improved emulsifi cation properties. 
Synergistic interactions between different polysaccharides, such as xanthan/
galactoglucomannan, xanthan/carrageenan and xanthan/konjac glucoglucomannan, 
are also well recognized and used in products (Wang and Cui, 2005; Agoub  et al. , 
2007). Some polysaccharides can bind polar molecules and ions, leading to 
reduced availability of those molecules (Cui and Roberts, 2009).   
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   5.3  Insoluble dietary fi bre ingredients 
   5.3.1  Cellulose and lignin 
 Cellulose is the main constituent of plant cell walls, and exists abundantly in 
vegetables, fruits, cereals and legumes. It coexists with hemicellulose, pectin and 
lignin. Lignin is not a carbohydrate but a highly cross- linked, complex three- 
dimensional structure based on phenylpropane units. Since lignin is intimately 
associated with non- starch polysaccharides (e.g. covalently linked to 
hemicellulose), it is usually considered as part of insoluble dietary fi bre (Phillips 
and Cui, 2011). Cellulose is composed of  β -1,4-linked  D -glucose with a variable 
degree of polymerization (DP) ranging from 1000 to 14 000 and a molecular 
weight of 162 to 2268 kDa (Cui  et al. , 2011). Crystalline structures of cellulose 
can be formed via hydrogen bonding along the chains of glucose, and the 
crystalline microfi bril structure does not dissolve in hot water. 

 A variety of modifi ed celluloses have been approved as food additives (Murray, 
2009). Currently, modifi ed celluloses for food use are limited to hydroxypropyl 
cellulose, hydroxypropyl methylcellulose, methylcellulose, methylethylcellulose, 
sodium carboxymethyl- cellulose or their mixtures. They were derived from cellulose 
pulp (wood pulp or cotton linters) by chemical modifi cation. The preparation 
procedures are outlined as follows: (1) cellulose pulp is fi rst dispersed in alkali 
solution to form alkali cellulose; (2) the alkali cellulose is treated with specifi c 
reagents (chloromethane, propylene oxide, and/or monochloracetic acid) to substitute 
the hydroxyl groups to anhydroglucose ( β -glucopyranose) units; (3) the substitution 
reaction is followed by purifi cation and washing to remove by- products and to 
increase the purity for food application (Izydorczyk  et al. , 2005). The substitution 
group, the degree of substitution and the average chain length or DP of the cellulose 
molecules are the three main factors infl uencing the properties of modifi ed cellulose. 
Solutions of modifi ed cellulose are neutral- fl avoured, odourless and colourless.  

   5.3.2  Oat bran 
 Oat bran can be collected from outer layers of the oat groats. The content of total 
dietary fi bre in oat bran varies from 12 to 24% depending on the cultivar variety, 
growing location, weather conditions and fertilization (Mälkki and Virtanen, 2001). 
About half of the total dietary fi bre in oat bran is soluble and the other half is 
insoluble.  β -Glucan is the main component of the soluble fi bre. The insoluble fi bres 
are mainly cellulose, lignin and some associated hemicelluloses. The insoluble oat 
fi bres act as ideal bulking agents with water hydration capacity from 4.1 to 12.7 
(g/g dry substance) (Mälkki, 2001). They can be used as the carrier of minor 
components associated with fi bre, absorbents of various fl avour components, and 
fat replacers in ground beef and pork sausage products (Verma and Banerjee, 2010).  

   5.3.3  Wheat bran 
 Wheat bran is a by- product of the milling process of wheat. It usually contains 
14–19% of total grain weight. As a rich source of dietary fi bre, wheat bran contains 
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46% of non- starch polysaccharides, including arabinoxylan (70%), cellulose (24%) 
and beta- glucan (6%), and it also contains minor amounts of glucoglucomannan 
and arabinogalactan (Carre and Brillouet, 1986; Bertrand  et al. , 1981). 

 Depending on composition and particle size, wheat bran fractions may have 
negative effects on product quality, such as textural properties and loaf volume for 
bread. Reducing the particle size of wheat bran can infl uence product quality by 
increasing interaction surface and releasing reactive intracellular components 
(Noort  et al. , 2010).  

   5.3.4  Legume fi bre 
 Legumes are a rich source of dietary fi bre. Legume fi bres can be divided into 
‘inner’ and ‘outer’ fi bres. ‘Inner’ fi bres are cotyledon fi bres consisting of cell wall 
polysaccharides with varying degrees of solubility. ‘Outer’ fi bres are from seed 
coat (hull) containing mainly water- insoluble polysaccharides and some pectin 
(Brooks  et al. , 2008). The chemical composition of dietary fi bre in legumes varies 
with the raw material. Fibre fractions can be extracted by various methods such as 
grinding, milling, sieving or using wet process according to the solubility of 
fractions in water or ethanol (Tosh and Yada, 2010). Cellulose, xyloglucans, 
arabinose- rich pectins, and some oligosaccharides are the major components in 
the fi bre fraction. Legume fi bres have good water- binding and oil- binding 
capacities and can therefore be used as fat replacers in bakery products.  

   5.3.5  Chitin and chitosan 
 Chitin is the main component of the exoskeleton of insects and shells of crustaceans, 
for example shrimp, lobster and crab. It is also a structural polysaccharide widely 
distributed in fungi, yeasts and algae (Muzzarelli, 2009). Chitin is insoluble in 
water. The structure is similar to cellulose except that the hydroxyl groups at O-2 
of the  β -D-Glc p  are substituted with  N -acetylamino groups. Chitin forms a highly 
ordered crystalline structure by intermolecular hydrogen bonds, and its isolates are 
different from each other in many respects (e.g. degree of acetylation, nitrogen 
content, molecular size and polydispersity). When treated with strong alkali, the 
 N -acetal groups of chitin are substituted by amino groups, thereby forming the 
water- soluble polysaccharide chitosan. The linkage of chitosan is 1,4-linked 
2-amino-2-deoxy- β - D -glucopyranosyl (Izydorczyk  et al. , 2005). It is the only 
polysaccharide carrying a positive charge. Therefore, chitosan is widely used as a 
multi- layer emulsifi er and encapsulating agent.   

   5.4  Soluble high molecular weight dietary fi bre ingredients 
   5.4.1  Pectins 
 Pectins are the major components of cell walls in plants. They are composed of 
both oligosaccharides and polysaccharides (Ridley  et al. , 2001). Three major 
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pectic polysaccharides are recognized: homogalacturonan, rhamnogalacturonan-I 
and rhamnogalacturonan-II. Homogalacturonan is a linear polymer consisting of 
1,4-linked a- D -GalA; rhamnogalacturonan-I consists of the repeating disaccharide 
4- α - D -GalA-(1,2)- α - L -Rha-1-, among which different glycan chains (arabinan 
and galactan) are attached to the Rha residues; rhamnogalacturonan-II has a 
backbone of homogalacturonan chain with complex side chains attached to the 
rhamnosyl residues (Ridley  et al. , 2001). The carboxylic acid groups can be 
methyl esterifi ed in galacturonans, and the degree of esterifi cation was observed 
to have key impacts on the conformation and solution properties (Axelos and 
Branger, 1993; Morris  et al. , 2000). 

 Based on the degree of esterifi cation, pectins are classifi ed into two categories: 
low methyl pectins (LMP) with less than 50% methyl esters, and high methyl 
pectins (HMP) with more than 50% methyl esters (Izydorczyk  et al. , 2005). If the 
degree of esterifi cation is lower than 5%, the pectin is in its insoluble form, that 
is, pectic acid. On the other hand, pectic acid can be converted into monovalent 
forms (sodium or potassium pectate) to become soluble. In solution, pectins 
display a random coil conformation with some degree of rigidity. The solution 
viscosity decreases with increased temperature, decreased concentration and 
molecular weight. Both HMP and LMP can form gels at concentrations above 
0.5 ~ 1%. HMP form thermally irreversible gels in the presence of sugars or other 
co- solutes at relatively high concentration (>50%) in an acid environment 
(pH<3.6). However, LM pectin gels formed at low pH are thermally reversible 
(Izydorczyk  et al. , 2005). LMP can also form gels in the presence of divalent 
cations such as Ca 2+ . The required amount of co- solute increases with increasing 
degree of polymerization. Meanwhile, gelation is favoured by increased soluble 
solids and decreased pH.  

   5.4.2   β -Glucans 
  β -Glucans are polysaccharides that occur in the subaleurone and endosperm cell 
walls of the seeds of cereals, including oats, barley, rye and wheat. The level of 
 β -glucan in cereals varies from as low as 0.5–1% in whole wheat to 3–11% in 
barley (Cui and Roberts, 2009).  β -Glucans are homopolysaccharides which only 
have a single sugar unit,  β - D -glucopyranose. The  β - D -glucopyranose residues are 
arranged as blocks of two or three consecutive (1,4)-linked units separated by a 
single (1,3) linkage, which form the two building blocks of cereal  β -glucan: a 
cellotriosyl unit and a cellotetraosyl unit. The tri/tetrasaccharide ratios for 
 β -glucan from wheat, barley and oats are 4.5, 3.0 and 2.3, respectively. This ratio 
is an important factor controlling the solution property of the polysaccharides. In 
aqueous solution,  β -glucans adopt a disordered random coil conformation. The 
gelation capacity of cereal  β -glucans is in the order of wheat>barley>oat, which 
is the same as the order of the tri/tetrasaccharides ratio of wheat, barley and oat. 
Molecular weight is another important factor infl uencing solution properties. The 
gelation rate of  β -glucan solutions usually decreases with increased molecular 
weight (Cui, 2001; Izydorczyk  et al. , 2005).  β -Glucans have been widely used in 
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bakery products, yogurts, processed meats, sausages and beverages as stabilizers, 
bulking agents and/or fat replacers. 

  Galactoglucomannans 
 Galactoglucomannans are cell wall polysaccharides in the seeds of legumes such 
as carob tree, guar plant, tara shrub and fenugreek plant. Galactoglucomannan 
consists of a glucomannan backbone composed of  β -(1,4)- D -mannosyl units 
with an  α - D -galactose side chain at O-6. The mannose to galactose (M/G) ratio 
is dependent on the source of the galactoglucomannan. Typically, the M/G ratios 
for fenugreek gum (FG), guar gum (GG), tara gum (TG) and locust bean 
gum (LBG) are close to 1, 2, 3 and 4, respectively. M/G ratio may vary even in 
the same species, which can be caused by varietal or environmental differences 
(Dea and Morrison, 1975). Because of their high water- binding capacity, 
galactoglucomannans can form highly viscous solutions at low concentrations 
without forming gels, except for LBG, which can form a gel at high concentrations 
under specifi c conditions (Dea  et al. , 1977; Richardson  et al. , 1999). The high 
water- binding capacity and highly viscous solutions make galactoglucomannans 
effective thickeners and stabilizers in the food industry. In addition, LBG, 
TG, GG and FG are all found to exhibit some surface, interfacial and 
emulsifying activities (Garti  et al. , 1997). The solubility and hydration rate 
are infl uenced by the degree and pattern of substitution of the galactosyl unit, 
particle size, pH, ionic strength, temperature, co- solute and agitation method 
(Wang  et al. , 2003, 2006, 2008; Izydorczyk  et al. , 2005). The presence of 
the galactosyl units improves solubility. Molecular weight, M/G ratio and 
galactose substitution pattern play vital roles in the emulsifi cation and 
rheological properties of galactoglucomannans. At low concentrations, all 
galactoglucomannans show Newtonian fl ow behaviour in that the viscosity is 
independent of shear rate. At higher concentrations and higher shear rate, the 
solutions are pseudoplastic, whereby the viscosity decreases with increasing 
shear rate (Wu  et al. , 2009b, 2012).  

  Xyloglucan 
 Xyloglucan is a major structural polysaccharide of higher plants (or vascular 
plants). Xyloglucans have linear backbones of (1,4)-linked  β - D -glucopyranose 
with xylopyranosyl units attached. Some xylose residues may carry additional 
galactosyl and fucosyl units. Xyloglucan can be obtained from cotyledons 
of tamarind seed, and is commercially available as a thickener, stabilizer, 
gelling agent, ice- crystal stabilizer and starch modifi er. The molecular weight 
of tamarind seed xyloglucan was reported to be from 115 kDa to 1160 kDa 
(Nishinari and Takemasa, 2009). Xyloglucans are soluble in cold water, and the 
solution is stable against heat, pH and shear. The solution exhibits Newtonian 
fl ow behaviour at low concentrations and shear- thinning fl ow behaviour at 
high concentrations, which is similar to the behaviour of galactoglucomannans. 
Gels can be formed in the presence of alcohol, a substantial amount of 
sugar (40–70% w/w) or polyphenolic compounds. Sugar- induced gels are 
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elastic and have good water- holding properties, while a freeze- thaw process can 
make the gel harder and more elastic (Nishinari and Takemasa, 2009; Izydorczyk 
 et al. , 2005).  

  Arabinoxylan 
 Arabinoxylans have been found in all major cereal grains, including rye, wheat, 
barley, oats, sorghum, maize, millet, psyllium, fl axseed, pangola grass, bamboo 
shoot and rye grass. The highest content of arabinoxylan is found in rye, followed 
by wheat, barley, oats, rice and sorghum. Arabinoxylans form a major dietary 
fi bre source in the diet. They consist of a linear backbone chain of  β - D -
xylopyranosyl residues linked through (1,4) glycosidic linkages. An  α - L -
arabinofuranosyl residue is attached to some of the Xyl p  residues at O-2, O-3, 
and/or at both O-2,3 positions. The majority of Ara f  residues are present as 
monomeric substituents, while a small portion are oligomeric side chains 
consisting of two or more Ara f  residues linked via 1,2, 1,3 and 1,5 linkages. The 
amount of arabinose and glucuronic acids in glucuronoarabinoxylans may range 
from substitution at almost all Xyl p  to polymers having more than 90% 
unsubstituted  β -Xyl p  units (Izydorczyk  et al. , 2005). Many cereal (wheat, barley, 
rye, oats) arabinoxylans do not carry glucuronic acid units. 

 Arabinoxylans can form a random coil conformation in aqueous solutions. 
Wheat arabinoxylans can form thermally irreversible gels upon oxidation or 
cross- linking with ferulic acid residues. According to the extraction procedures 
and material sources, the molecular weight of arabinoxylans ranges from 
300 kDa to 2 MDa, covering soluble and insoluble fractions. The solubility 
of arabinoxylans in aqueous solutions is related to the degree and pattern of 
substitutions along the xylan backbone. The fl ow behaviour of arabinoxylan 
is concentration- and shear rate- dependent, similarly to galactoglucomannans 
and xyloglucan. Arabinoxylans with high molecular weights may form weak 
pseudo- gels. Cereal arabinoxylans containing ferulic acid residues can form gel 
networks by covalent crosslinks between feruloyl groups of neighbouring chains. 
Higher gel strength is related to higher content of ferulic acid, higher molecular 
weight and lower degree of substitution. In aqueous solution, arabinoxylans 
form random coil structures (Izydorczyk and Dexter, 2008). As a food ingredient, 
arabinoxylan can affect water- holding capacity, dough rheology or starch 
retrogradation. Arabinoxylans have important effects on cereal processes such as 
milling, brewing, and breadmaking quality (Vinkx and Delcour, 1996; Izydorczyk 
and Dexter, 2008). They can also be used as fi lm-forming agents, cryostabilizers 
and surface active agents in various food products.   

   5.4.3  Mucilages 
  Flaxseed gum 
 Flaxseed gum can be easily extracted from the whole seeds or fl axseed hulls by 
soaking them in warm water. Upon hydration of the seeds, the mucilage will be 
exuded on the surface of the seeds. Flaxseed gum contains a mixture of neutral 
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and acidic polysaccharides. The neutral fraction has a (1,4)-linked  β - D -
xylopyranosyl backbone chain together with 16.2% (w/w) terminal  D -xylose. The 
acidic fraction has a rhamnogalacturonan backbone composed of 1,2-linked 
(15.4%) (w/w), 1,2,3-linked (13.1%) (w/w)  L -rhamnosyl residues and (1,4)-linked 
 D -galacturonic acid (10.2%) (w/w) (Cui, 2001). Flaxseed gum is soluble in cold 
water. The solution exhibits Newtonian fl ow behaviour at low concentrations, 
and shear thinning fl ow behaviour at high concentrations. It can form a viscous 
solution and the viscosity is markedly infl uenced by the pH. Higher viscosity can 
be obtained at neutral pH (6–8) (Izydorczyk  et al. , 2005). Flaxseed gum shows 
surface activity and can stabilize oil/water emulsions and foams, and is therefore 
used as a thickener, stabilizer, and water- holding agent.  

  Mustard mucilage 
 Yellow or white mustard seeds are used as condiments. Previous research has 
shown that the neutral fraction of white mustard mucilage is composed primarily 
of glucose (39.3%), arabinose (25.4%), galactose (17.9%), mannose (5.4%), 
rhamnose (4.0%) and xylose (7.0%) (w/w) (Vose, 1974). Current research is 
mainly focused on yellow mustard mucilage (Cui  et al. , 1993; Sehgal  et al. , 2002; 
Wu  et al. , 2009a). The water- soluble part of yellow mustard mucilage includes 
glucose (22.3%), galactose (15.2%), mannose (6.3%), rhamnose (3.9%), arabinose 
(3.2%), xylose (1.8%) and uronic acid (18.7%) (w/w). It contains two fractions, 
pectic and non- pectic polysaccharides. The pectic polysaccharides are mainly of 
the rhamnogalacturonan-II type of structure, composed of (1,4)-linked  α - D -
galacturonopyranosyl and (1,2)-linked α- L -rhamnopyranosyl residues (Cui  et al. , 
1993). The non- pectic polysaccharides are composed of a  β -(1,4)-linked 
 D -glucosidic backbone with occasional branches at the O-2, O-3 and O-6 positions. 
The non- pectic fraction is responsible for synergistic interactions with 
galactoglucomannans (Wu  et al. , 2009). Water- soluble yellow mustard mucilage 
forms either viscous solutions or weak gels depending on the concentration. It 
shows high surface activity, and also can be used as a thickener and stabilizer.  

  Psyllium gum 
 Psyllium gum can be extracted from the seed coat (husk or hull) of  ispaghula  
or psyllium seeds of the  Plantago  genus. The hull can be mechanically separated 
from the rest of the seed, and the gum can be extracted with hot water or mild 
alkaline solutions. Psyllium husk is commercially available as particles or in 
powder form. Psyllium gum is composed mainly of arabinose (22%), xylose 
(57%) and uronic acids (10–15%) (w/w) with small amounts of galactose, 
rhamnose, glucose and mannose. It is a highly branched acidic arabinoxylan with 
a high molecular weight (~1500 kDa). The xylan backbone has both  β -1,4 and 
 β -1,3 linkages, and the majority of the side chains are connected to the backbone 
through O-2 or O-3 positions with single  L -Ara f  and  D -Xyl p  residues or 
disaccharides containing  L -Rha p  and  D -Gal p A (Guo  et al. , 2007; Yin  et al. , 2012). 
Psyllium gum does not completely dissolve in water due to its high molecular 
weight. It forms a gel- like paste or dispersion when hydrated. Freshly prepared 
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psyllium gum dispersion (1%) showed Newtonian fl ow behaviour at low shear 
rates. Shear thinning fl ow behaviour was observed at higher shear rates (Izydorczyk 
 et al. , 2005). Psyllium gel is thermally stable, with G′ and G″ decreasing with 
increased temperature. No melting is observed unless the temperature exceeds 
80°C (Guo  et al. , 2008). When Ca 2+  is added to the gel, the gel becomes more 
resistant to temperature; meanwhile, its bioavailability is reduced (Cho and Clark, 
2001). Psyllium has been used in beverages, confectionery and bakery products as 
a stabilizer and a gel fi lling.   

   5.4.4  Gum arabic 
 Gum arabic is exuded from the bark of  Acacia  trees that grow primarily in 
Africa. The main chain is built from (1,3)-linked  β - D -galactopyranosyl units 
with  α - L -rhamnopyranose,  β - D -glucuronic acid,  β - D -galactopyranose and  α - L -
arabinofuranosyl units as side chains (Williams and Phillips, 2009). Compared 
with other exuded gums, gum arabic has higher water solubility (up to 50% w/v), 
and its solution exhibits Newtonian fl ow behaviour even at high concentrations. 
The highly branched molecular structure is responsible for the high solubility. 
Gum arabic is also associated with a protein moiety, which is responsible for the 
emulsifying and foaming properties of the gum. The protein- rich high molecular 
weight fraction of gum arabic can be adsorbed onto the surface of oil droplets, 
whereas the polysaccharide main chain inhibits coalescence by electrostatic and 
steric repulsion forces (Al-Assaf  et al. , 2007). Gum arabic is usually used as a 
food emulsifi er and stabilizer in the food industry. Gum arabic can be easily 
incorporated into beverages and processed foods without changing the original 
taste or texture due to its high solubility and relatively low viscosity, thus becoming 
an ideal functional dietary fi bre ingredient in food.  

   5.4.5  Konjac glucomannan 
 Konjac glucomannan exists in the tubers of konjac ( Lasioideae amorphophallus ), 
which is distributed in the Far East and southeast Asia. The raw tuber of 
konjac contains 8–10% of Konjac glucomannan (Takigami, 2009). As a type of 
glucomannan, it is a heteropolysaccharide consisting of  β - D -glucose and  β - D -
mannose, with a glucose to mannose ratio of 1 to 3. It is reported that konjac 
glucomannan has side chains and the branches are at the O-3 position of the 
mannose residue or both glucose and mannose residues. It also contains acetyl 
groups along the main chain. Konjac glucomannan is water- soluble; however, 
constant stirring is required to completely dissolve it in water at room temperature. 
Hot water is not effective at dissolving it. The viscosity of konjac glucomannan 
solutions increases with concentration. After the concentration reaches 1%, the 
viscosity increases remarkably. The viscosity is not affected by salt concentration 
but by the pH of a solution. The viscosity decreases with decreasing pH value, 
while the solution changes to a gel at higher pH values. Konjac glucomannan can 
interact with many other polysaccharides, such as xanthan, carrageenan and agar, 
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and forms thermally reversible gels. Adding sugar can enhance the strength of the 
synergistic gel, while adding salt can inhibit the formation of the synergistic gel; 
this can be used to control its gel- forming capacity in food. Konjac glucomannan 
is also suitable as a fat replacer in meat and dairy products.  

   5.4.6  Seaweed polysaccharides 
  Alginate 
 Alginates are structural polysaccharides in marine brown algae ( Phaeophyceae ), and 
they can also be synthesized by the bacteria  Pseudomonas aeruginosa  and  Azobacter 
vinelandii  (Draget, 2009). Alginates are composed of (1,4)-linked  β - D -mannuronic 
acid and  α - L -guluronic acid residues. There are homomeric blocks of contiguously 
linked mannuronic acid or guluronic acid and mixed blocks containing both residues. 
If the uronic acids are in the acid form, the polysaccharide is called alginic acid, 
which is water- insoluble. The ratio of mannuronic acid and guluronic acid residues 
is usually 2:1. The ratio may vary with the algae species, age of the plant and the type 
of the tissues. In bacterial alginates, the content of guluronic acid may range from 15 
to 90%. Alginates form thermally stable gels in the presence of ions, and the gels’ 
strength depends on the type of ions and the method of introduction of ions. The 
effect of ions on the gelation potential of alginates generally follows the order of 
Mg 2+ <<Ca 2+ <Sr 2+ <Ba 2+ . High guluronic alginates produce strong but brittle gels 
with good heat stability, whereas high mannuronic acid alginates produce weaker 
but more elastic gels with good freeze- thaw stability (Onsøyen, 2001).  

  Carrageenan 
 Carrageenans are structural polysaccharides of marine red algae ( Rhodophyceae ) 
(Imeson, 2009). They are high molecular weight linear polysaccharides including 
three different types:  κ -,  ι - and  λ -carrageenan. Their structures differ in 3,6-anhydro-
 α - D -galactose and sulphate group contents. The repeating disaccharide units in the 
backbone of  κ - and  ι -carrageenans are sulphate esters of (1,3)-linked  β - D -galactose 
and (1,4)-linked 3,6-anhydro- α - D -galactose.  λ -Carrageenans consist of  β - D -
galactopyranosyl residues sulphated at C-2 (instead of C-4 as in  ι - and  κ -carrageenans) 
and 2,6-di-O-sulfato- α - D -galactopyranosyl units (instead of 3,6-anhydro- α - D -
galactopyranosyl residues) (Izydorczyk  et al. , 2005).  κ -Carrageenan has one 
sulphate group per repeating disaccharide unit;  ι -carrageenan has two sulphate 
groups; and  λ -carrageenan carries three sulphated groups (Imeson, 2009). 

 In solution,  κ - and  ι -carrageenans form a double helix conformation which is 
stabilized by hydrogen bonds.  κ -Carrageenan exhibits fi rm but brittle gels with 
poor freeze- thaw stability. It has been used widely in dairy products as a stabilizer 
to prevent whey separation.  ι -Carrageenan forms soft elastic gels with good 
freeze- thaw stability.  κ - and  ι -Carrageenans can be used as thickeners, gelling and 
suspending agents.  λ -Carrageenan cannot form gels because of the sulphate 
groups, and it exhibits a fl at and ribbon- like conformation in aqueous solution. 
 λ -Carrageenan can be used as a cryoprotectant to improve the freeze- thaw stability 
of frozen products (Izydorczyk  et al. , 2005).  
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  Agar 
 Agar is a linear structural polysaccharide from red- purple algae (agarophytes) 
(Armisén and Galatas, 2009). The repeating disaccharide unit in the backbone of 
agar is (1,3)-linked  β - D -galactose and (1,4)-linked 3,6-anhydro- α - L -galactose 
(instead of the  D -enantiomer as in  ι - and  κ -carrageenans). The double helices of agar 
are more compact than those of carrageenans due to the lightly sulphated structure. 
Agar can form a stiff gel at low concentrations, and it is the best gelling agent among 
all commercial gums. Agar forms cold- set gels at around 38°C, with the melting 
temperature higher than 85°C (Izydorczyk  et al. , 2005). Thus, agar is widely used 
in bakery products because of its heat- resistant characteristics and large gelling/
melting hysteresis. Its thermo- reversible gelling property helps to prevent chipping, 
cracking or sweating of icings, toppings and glazes in baked food products.   

   5.4.7  Microbial polysaccharides 
  Xanthan gum 
 Xanthan gum, produced by the microorganism  Xanthomonas campestris , is an 
extracellular polysaccharide (Sworn, 2009). The primary structure of xanthan gum 
consists of the cellulose- like backbone of (1,4)-linked  β - D -Glc p  residues substituted 
at O-3 of alternate glucose residues, with a trisaccharide side chain. The trisaccharide 
side chain consists of a  β - D -Man p -(1,4)- β - D -Glc p A-(1,2)- α - D -Man p -(1→) unit. 
Non- carbohydrate substituents include an acetyl group at O-6 of the inner Man p  
residue and a pyruvate group at O-4,6 of the terminal Man p . The pyruvic acid 
content of xanthan can vary according to the producing bacterial strain. The 
molecular weight of xanthan gum ranges from 300 kDa to 8 MDa. Xanthan gum is 
soluble in cold water, and it exhibits very high viscosity at low shear rate range and 
relatively low viscosity at high shear rate range. Strong synergism is observed 
between xanthan gum and some mannan- containing polysaccharides, such as 
galactomannans and glucomannans (Izydorczyk  et al. , 2005).  

  Gellan gum 
 Gellan gum, produced by the bacterium  Auromonas elodea , is a deacetylated form 
of the extracellular polysaccharide. Gellan gum consists of a linear tetrasaccharide 
repeating unit: (1,3)- β - D -Glc p -(1,4)- β - D -Glc p A-(1,4)- β - D -Glc-(1,4)- α - L -
Rha-(1→). Two acyl substituents,  L -glyceryl and acetyl, are present at the O-3-
linked glucose at the O-2 and O-6 positions, respectively (Sworn, 2009). During 
commercial processing, these substituents are easily lost. According to the degree 
of acyl substitution, gellan gums can be categorized as high acyl (HA) gellan gum 
and low acyl (LA) gellan gum. Both forms are insoluble in cold water, but readily 
dispersed in water by stirring and adding the gum powder slowly. As ion 
concentration in water increases, the dispersion becomes easier. Both forms of 
gellan gum are readily dispersible in milk and reconstituted milk systems. The 
polysaccharide chains of gellan can form double helices in aqueous solution after 
cooling, leading to the formation of weak gel structures (Izydorczyk  et al. , 2005). 
In the presence of appropriate cations, the double helices form cation- mediated 
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aggregates, which can lead to strong gel networks. Acyl substituents in gellan 
interfere with the aggregation process; the gel characteristics mainly depend on 
the degree of acylation and presence of counter- ions. 

 Gellan gum is commonly used as a gelling agent. HA gellan gum gives soft, 
elastic and transparent gels at concentrations higher than 0.2%. HA gels set and 
melt at 70 to 80°C with no thermal hysteresis. However, LA gellan gum can form 
hard, non- elastic and brittle gels in the presence of cations; the gel strength of 
LA gellan gum increases with increasing ion concentration. The LA gellan gels 
also exhibit signifi cant thermal hysteresis (Valli and Miskiel, 2001). It is important 
to note that the gelling property of gellans restricts their use as dietary fi bre 
ingredients in food, because high concentrations cannot be used in order to 
maintain the original food texture.  

  Curdlan 
 Curdlan is an extracellular microbial polysaccharide produced from the mutant 
strain of bacteria  Agrobacterium biovar I  (Nishinari, 2009). Curdlan is known as 
a 1,3- β - D -glucan, which is solely composed of 1,3- β - D -glycosidic linkages. The 
molecular weight of curdlan normally ranges from 66 to 680 kDa, and it can be 
higher than 2 MDa for commercial uses. Curdlan is not soluble in water at room 
temperature but can be dissolved in alkaline solution. The water insolubility may 
be due to the intramolecularly and intermolecularly hydrogen bonded crystalline 
structure. The viscosity of curdlan in alkaline solution depends on the concentration 
of sodium hydroxide. In the range of 0.05–0.10 M sodium hydroxide, curdlan can 
form triple helices. When the concentration of sodium hydroxide increases to 
0.25 M, the triple helices can be dissociated into single chains of lower molecular 
weight; this will result in a reduction of viscosity. 

 Concentrated curdlan solution shows almost Newtonian fl ow behaviour in 
strongly alkaline solution. Curdlan aqueous solutions can form gels upon heating. 
When it is heated up to 55°C then cooled, curdlan in aqueous solution can form a 
thermally reversible gel (Izydorczyk  et al ., 2005). When the heating temperature 
is above 80°C, the gel is thermo- irreversible. The gel strength is related to gelling 
temperature. The gel strength stays stable at 60–80°C, and increases with heating 
temperature until 100°C. The gel strength also increases with increased 
concentration. Between pH 3 and 10, the gel strength does not change. Curdlan is 
a neutral polysaccharide, which is tasteless, odourless and colourless (Yotsuzuka, 
2001). Therefore, it has been used widely in the food industry as a gelling agent 
and fat replacer.    

   5.5  Soluble low molecular weight dietary fi bre ingredients 
   5.5.1  Non- digestible oligosaccharides 
 According to the International Union of Pure and Applied Chemistry (IUPAC), 
oligosaccharides are compounds containing three to ten monomeric sugar residues. 
Only the non- digestible oligosaccharides are of interest in this section. 
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 Some oligosaccharides occur naturally as free compounds in milk, honey, 
fruits, vegetables and cereals. Examples are raffi nose oligosaccharides in 
legume seeds, xylooligosaccharides in bamboo shoots, fructooligosaccharides in 
asparagus, galactooligosaccharides in milk, and so on. Commercial production 
of oligosaccharides may involve extraction from plant materials using water or 
aqueous methanol or ethanol solutions, hydrolysing polysaccharides, or enzymatic 
or chemical synthesis from disaccharide substrates. 

 There is a wide variety of non- digestible oligosaccharides, all of which exert 
benefi cial physiological effects on humans by affecting the intestinal microfl ora 
as dietary fi bres; these works have been described and discussed in the literature 
(Meyer and Tungland, 2008; Playne and Crittenden, 1996; Mussatto and Mancilha, 
2007). Due to their relatively low sweetness (0.3–0.6 times as sweet as sucrose) 
and high water solubility, resistant oligosaccharides have been widely used as 
dietary fi bre ingredients or prebiotics in various foods, for example yoghurt 
drinks, desserts, ice cream, cheese products, and so on (Meyer, 2009). Compared 
with monosaccharides and disaccharides, oligosaccharides can provide increased 
viscosity to improve mouthfeel. Oligosaccharides can also be used to alter the 
freezing temperature of frozen foods, as well as to provide moisture- retaining 
capacity and to lower water activity, thus controlling the stability and shelf- life of 
food products.  

   5.5.2  Inulin 
 Inulin occurs in many plants, and can also be synthesized in microbes. It can be 
found in banana, chicory, barley, onion and wheat, among others (Meyer and 
Tungland, 2008; Meyer, 2009). Inulin is built up of 2–60 fructose units with one 
glucosyl terminal unit. When the degree of polymerization is lower than 20, it is 
considered an oligosaccharide. The main structure of inulin is  β -(2,1) fructan, and 
the solubility mostly depends on the chain length. It is harder to dissolve inulin 
with longer chain length. At high temperature (80°C), a concentration of up to 
20% inulin can be prepared. It is very stable at temperatures up to 140°C. 

 Inulin is susceptible to acid hydrolysis. The hydrolysis may occur at a pH 
lower than 4. Inulin solution is very low in viscosity. However, when combined 
with other ingredients, inulin can compete with other polysaccharides for binding 
with water molecules, thus changing their rheological behaviour. Therefore, inulin 
can be used for modifying the rheology and texture of food products. When 
concentration exceeds 15%, inulin can form a gel or cream (Coussement and 
Franck, 2001). The strength of the gel can be affected by many factors, such as 
chain length, concentration and temperature. Long chain inulin molecules can 
form fi rmer gels. When inulin is added to beverages with a thickener such as 
xanthan, guar gum or pectin, the system will become more homogeneous. It can 
also provide a fat- like fl ow and satisfactory spreadability when applied in gum- 
based fat- free dressings and sauces. A creamy mouthfeel can be obtained when 
inulin is added to dairy products due to interactions with the dairy components. 
This effect could be enhanced when combined with κ-carrageenan. As summarized 
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by Meyer (2009), inulin has been widely used in dairy, bakery and meat products 
as a fat replacer, bulking agent and foam stabilizer.   

   5.6  Resistant starch 
 Resistant starches (RS) are a variety of starch that can resist digestion and pass 
through the gastrointestinal tract (Taggart, 2009). According to its physical 
and chemical characteristics, resistant starch is divided into four types: types I, II, 
III and IV resistant starch. Type I resistant starch is the physically protected starch 
in whole or partially ground grains. Type II resistant starch is in raw starch 
granules. The intact granules cannot be gelatinized due to the compact structure 
and thus cannot be digested by enzymes. Type III resistant starch is retrograded 
starch. It generally results from food processing applications. After gelatinization, 
the retrogradation process can lead to recrystallization of some single chains to 
form double helices via hydrogen bonds. Many new approaches have been 
developed for producing type III resistant starch. Type IV resistant starch includes 
chemically modifi ed starch such as that produced by etherifi cation, oxidation or 
cross- linking. 

 Resistant starches have a low water- binding capacity. They can be added to 
food products at high concentration (up to 30%) by controlling the processing 
conditions, such as moisture content, pH, temperature, and so on. Recently, 
resistant starches have been considered as new ingredients for creating fi bre- rich 
food. Resistant starches have small particle size, white appearance and bland 
taste. They can be used to replace fl our on a one- for-one basis without signifi cantly 
affecting dough handling or rheology (Ranhotra, 2008). Resistant starches can 
also increase swelling, viscosity and gel- forming capacity. Compared with 
traditional high- fi bre products, resistant starches can form low- bulk high- fi bre 
products with improved texture, appearance and mouthfeel.  

   5.7  Conclusion 
 This chapter has presented various kinds of dietary fi bres, which are commonly 
used in food for techno- functional and/or biofunctional (nutrition) purposes. They 
can be widely used as thickeners, emulsifi ers, stabilizers, fat replacers, and 
suspending and gelling agents, as well as providing benefi cial physiological 
effects. The preparation of dietary fi bres and their techno- functionalities and 
applications in food are summarized in  Table 5.1 . 

 There are still challenges in adding dietary fi bres to food products in reasonable 
quantities to achieve their biofunctional effects while maintaining good 
organoleptic properties. Many dietary fi bres or gums are unsuitable for applications 
in particular foods in large amounts. Therefore, developing purifi ed, colourless 
dietary fi bres with bland taste and low viscosity is of particular interest to related 
food companies in preparing novel high dietary fi bre food products.   
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  Abstract:  Whole grain intake is associated with health benefi ts such as reduced risk of 
cardiovascular disease. However, lack of a global defi nition of what constitutes a 
wholegrain food complicates interpretation and communication of research fi ndings. 
Many populations underconsume wholegrain foods due to both internal factors (diffi culty 
in identifying wholegrain foods and their unique sensory characteristics) and external 
factors (availability, cost, and the convenience of refi ned grains). Approaches to 
introducing wholegrain foods include promoting them early in life, employing the 
repeated exposures technique, and minimizing sensory differences. Emerging trends 
include improving the nutritional quality of the fi nal product. Future research may focus 
on outcomes that improve the healthfulness and availability of grain- based foods, while 
collaboration will be necessary to ensure that pivotal fi ndings reach industry in a timely 
manner. Whole grains offer a unique opportunity to enhance diets globally.  

   Key words:    whole grain, fi ber, consumption, consumer behavior.   

    6.1  Introduction 
 Despite accumulating evidence of the benefi ts of whole grain and dietary fi ber 
intake for human health, the majority of the population’s consumption continues 
to lag behind recommendations proposed by the scientifi c community and 
authoritative health agencies. International surveillance of whole grain intake and 
analysis of consumer trends have proven diffi cult, as the defi nitions of ‘whole 
grain’ and related serving sizes vary among experts (Lang and Jebb, 2003; Jones, 
2010). Furthermore, whole grain intervention studies have produced mixed 
results, also complicating the communication of consistent messages around 
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whole grains and health (Seal and Brownlee, 2010). This chapter examines whole 
grain consumption trends, along with dietary fi ber intake, in various countries in 
the context of health- based recommendations. Internal and external factors that 
pose challenges to the consumption of wholegrain foods, such as taste and 
availability, are presented in greater depth in the subsequent sections. Future 
trends and opportunities for introducing more whole grain and fi ber into the food 
supply are also discussed.  

   6.2  Whole grain and fi ber consumption 
   6.2.1  Defi nitions 
 Wholegrain foods are defi ned as containing all the essential parts and naturally 
occurring nutrients of the entire grain seed. If the grain has been processed (e.g. 
cracked, crushed, rolled, extruded, and/or cooked), the food product should 
deliver approximately the same balance of nutrients that is found in the original 
grain seed (AACC, 2000; Whole Grains Council, 2007). 

 Dietary fi ber is usually found in whole grains, fruits, vegetables, legumes, 
and nuts with various sub- components including cellulose, hemicellulose, 
pectins, beta- glucans, fructans, gums, mucilages, and non- polysaccharide lignins. 
Functional fi ber is defi ned as the isolated components of non- digestible 
carbohydrates that produce positive physiological effects in humans (Slavin, 
2005). Total fi ber is the sum of dietary fi ber and functional fi ber (Slavin, 2005). 
The different fi ber components may function in a variety of ways  via  viscosity, 
fermentability, bulking, volume, water- holding capacity, and binding, which help 
contribute to the benefi cial physiological responses (Burton-Freeman, 2000). 
High- fi ber foods are generally less energy- dense and palatable and are greater in 
volume than low- fi ber foods, providing greater satiety (Porikos and Hagamen, 
1986; Holt  et al. , 1995; Rolls  et al. , 1999; Saris, 2003).  

   6.2.2  Consumption data 
 In the US, the 2005 Dietary Guidelines for Americans for the fi rst time 
recommended that at least half of grains consumed should be whole grains, with 
at least three or more 1-ounce equivalents coming from wholegrain products daily 
(USDA and USDHHS, 2005). Healthy People 2010 objectives, the latest iteration 
of national benchmarks designed for monitoring US progress towards health 
promotion and disease prevention, included an evaluation of the proportion of 
Americans who meet the Dietary Guidelines’ recommended intake of six servings 
of grain products per day with at least three servings of whole grains. While the 
target for this Healthy People 2010 objective was set at 50%, a recent progress 
report indicated that the percentage of Americans meeting this recommendation 
dropped from 4% to 3% between 1994–6 and 2003–4, with approximately 7% of 
children’s and 10% of adults’ total grain intake in 2003–4 coming from whole 
grains (USDHHS, 2008). Healthy People 2020 objectives released late in 
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December 2010 also continue to monitor the adequacy of whole grain intake 
(USDHHS, 2010). Shortly thereafter, the 2010 Dietary Guidelines were released, 
echoing the previous whole grain recommendations and also putting into 
perspective the imbalance of the American diet with respect to overall grain 
intake. The new guidelines emphasize that Americans typically exceed 
recommendations for total grain intake, yet whole grain (and dietary fi ber) intake 
is indeed insuffi cient, and, thus, dietary guidance should be directed more 
specifi cally at increasing whole grain intake by substituting whole grains for 
refi ned grains. However, lack of standards for quantifying the wholegrain content 
of foods can make such recommendations diffi cult to put into practice (USDA and 
USDHHS, 2010). 

 Mean whole grain intake among most age groups in the US generally equates 
to less than one serving per day. O’Neil  et al.  (2010) recently examined Americans’ 
dietary quality using 1998–2004 National Health and Nutrition Examination 
(NHANES) data and defi ned whole grain servings in terms of one- ounce 
equivalents from the United States Department of Agriculture’s (USDA) Pyramid 
database. For adults aged 19 to 50 years, mean intake of whole grains was 0.63 
servings per day, and for adults aged 51 years or more, mean intake was slightly 
higher at 0.77 servings. Results also showed that a mere 4.8% and 6.6% of 
individuals in the two respective age groups met the recommendations of at least 
three servings of whole grains per day (O’Neil  et al. , 2010). Children’s whole 
grain intake was reportedly similar at 0.59 servings per day for 6–12-year- olds 
and 0.63 servings per day for 13–18-year- olds (Zanovec  et al. , 2010). The most 
recent estimate of dietary fi ber intake for Americans aged 2 years and older is 
15.2 g/day, in comparison to the Daily Value for dietary fi ber of 25 g/day (USDA 
ARS, 2010). 

 The majority of Americans consume whole grains in the form of ready- to-eat 
cereals, followed by yeast breads, hot cereal, and popcorn, according to data from 
the 2001–2 NHANES (Bachman  et al. , 2008). Other food products such as 
crackers, grain- based desserts, pancakes, and rice make smaller contributions to 
total whole grain intake. On the other hand, major sources of non- whole grains are 
yeast breads, grain- based desserts, and pizza, suggesting that, with increased 
functionality and palatability of whole grains as food ingredients, substitution of 
refi ned grains for whole grains in such products is certainly a potential avenue for 
gradually increasing the American population’s whole grain intake (Bachman 
 et al. , 2008). 

 It is noteworthy that US dietary surveillance data refl ect whole grain intake 
estimates up until 2004, while specifi c whole grain intake recommendations made 
 via  the Dietary Guidelines were introduced in 2005 (Mancino  et al. , 2008). Thus, 
ascertaining the true impact of such dietary guidance on consumer behavior has 
posed a challenge. Publication of NHANES 2007–8 will likely shed light on more 
current trends in whole grain consumption in the near future. Other organizations 
such as the American Dietetic Association (ADA) and the Whole Grains Council 
have presented results of surveys commissioned to help further understand 
consumer behavior, including that related to whole grain intake. According to the 
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ADA’s ‘Nutrition and You: Trends 2008’ survey of 783 adults aged 18-years-old 
and up, 56% reported increasing their intake of wholegrain foods, a trend 
particularly more prevalent among the 18–34-year- old age group. However, 36% 
reported no change over the past fi ve years (ADA, 2008). A consumer survey 
conducted by the NPD Group and presented by the Whole Grains Council at the 
2009 ‘Make Half Your Grains Whole Conference’ provided data from 1998 to 
2008. The NPD Group sampled 2000 US households with the intent of capturing 
a nationally representative sample of Americans. Fourteen days’ worth of dietary 
intake data, including at- home and away- from- home foods consumed, were 
collected. Key fi ndings showed an estimated 20% increase in whole grain 
consumption among Americans since 2005, with the largest increase among 
18–34-year- olds, similar to the results of the ADA’s fi ndings (Whole Grains 
Council, 2009a). Yet, despite reported increases in consumption, mean intake of 
whole grains was still less than one serving per day. Only 11% of total grains 
consumed were whole grains in 2008, not much of an improvement since the 
2003–4 NHANES data were published. Findings from the International Food 
Information Council (IFIC) ‘2010 Food and Health Survey’ of 1024 individuals 
also indicated that, of those who have heard of ‘fi ber’ and ‘whole grains,’ more 
than 70% are trying to increase their intakes (IFIC, 2010). While these trends 
appear to be moving in a positive direction, consumer behavior evolves at a slow 
pace (Rowe  et al. , 2011a). 

 The inclusion of a whole grain message in dietary recommendations throughout 
Europe varies widely, but, for the most part, bodies disseminating such 
authoritative guidance encourage intake of wholegrain foods. For example, in the 
UK, Germany, Austria, Switzerland, and Greece, whole grains are specifi cally 
noted as preferable in the context of choosing bread, cereal, starches, and other 
grains (UK Food Standards Agency, n.d.; Health Grain, 2006; Supreme Scientifi c 
Health Council, 1999). In Denmark, four servings of whole grain per day are 
recommended for citizens (National Food Institute, 2008). 

 Similarly to US adults and children, whole grain intake in the UK is low. 
Results from the Dietary and Nutritional Survey of British Adults, which included 
participants aged 16–64 years, indicated that whole grain intake has declined 
throughout Great Britain from surveys conducted between 1986–7 and 2000–1 
(Thane  et al. , 2007). In this study, intake of foods containing ≥10% whole grain 
was assessed. Mean whole grain intake decreased from 29 g/day to 23 g/day over 
this time period, while the median intake fell from 16 g/day to 14 g/day. Key 
sources of whole grains were bread and breakfast cereals in 1986–7. By 2000–1, 
breakfast cereal became the top contributor, with bread following closely behind. 
The most common type of whole grain consumed was wheat in comparison to 
other whole grains such as oats, rye, and barley. Among older British adults (aged 
65 years or more), median weekly intake of whole grains was fi ve servings, with 
approximately one- third of the sample not consuming any whole grains on a daily 
basis (Lang  et al. , 2003). National data have also demonstrated sub- optimal whole 
grain intake among British youth aged 4–18 years. Mean intake in 1997 was 
13 g/day, with a median intake of 7 g/day. As for British adults, breakfast cereals 
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and breads were the top two types of food contributing most to whole grain intake 
(Thane  et al. , 2005). 

 In contrast to UK dietary patterns, estimated whole grain intake among Finnish 
adults is much higher, at 218 g/day for men and 150 g/day for women, in which 
a major source of whole grain in the diet is rye bread (Montonen  et al. , 
2003). Relatively higher whole grain intakes have also been observed among 
German youth participating in the Dortmund Nutritional and Anthropometric 
Longitudinally Designed (DONALD) Study, during which nutrition and health 
data were collected at various time points between 1988 and 2007. Whole grains 
were categorized based on the US Food and Drug Administration (FDA) defi nition 
and absolute intake was calculated (g/day) (Alexy  et al. , 2010). Mean intake 
among age groups in the sample ranged from 20 to 33 g/day, with the highest 
intakes reported for 13–18-year- olds. However, whole grain intake expressed as a 
percent of total grain intake decreased with age (Alexy  et al. , 2010). 

 In Canada, the Food Guide was revised in 2007 to include recommendations 
for whole grain intake similar to those of the US, encouraging consumption of 
whole grains as half of total grains consumed (Health Canada, 2007a). However, 
whole grain intake data are also lacking for this geography. Results from the 
Quebec Nutrition Survey conducted in 1990 showed that just 44% of the dietary 
recalls conducted among 2104 adults surveyed included whole grains, and the 
mean intake of wholegrain breads and cereal was 35 g/day, although how whole 
grains were defi ned in this study was not specifi ed (Beaudry  et al. , 1998). It is 
important to note that the defi nition of whole grain in Canada is remarkably 
different from that in the US: ‘100% whole wheat’ does not ensure the product is 
wholegrain, because food regulations allow much of the germ to be removed in 
‘wholewheat’ fl our (Health Canada, 2007b). Other research has shown that since 
the mid-1970s carbohydrate intake has increased by 18% in Canadian diets, and 
fi ber intake has also risen from 11 g to almost 14 g (Peng, 2004). Results from 
a recent consumer survey showed that 10% of Canadian adults meet the 
recommendation for whole grain intake, but this proportion decreased with age 
(Canadian Grocer, 2011). 

 Dietary guidance in Australia also recommends intake of plenty of grain- based 
foods (at least four) with an emphasis on whole grains (NHMRC, 2003). 
Australians’ whole grain intake has been estimated at 1.45 servings per day or 
about one- third of their total grain intake (Go Grains Health and Nutrition Ltd, 
2010). Yet, interest in whole grains, likely because of their touted health benefi ts, 
appears to be growing among this population. Nearly 44% of Australians have 
reported increasing their whole grain consumption in the past two years, while 
about three- quarters have expressed desire to learn more about the benefi ts of 
whole grains (Griffi ths, 2010). 

 Strong epidemiological data from other regions of the world, such as South 
America, Asia, and Africa, are lacking with regard to evaluating whole grain and 
fi ber intake. With the nutrition transition, processed and refi ned grains are 
increasingly making their way into the diet, in effect reducing overall intake of 
dietary fi ber and other nutritional aspects of whole grains. For example, since the 
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1970s, obesity rates in the Middle East and across North Africa have dramatically 
risen (Mehio  et al. , 2010). Per capita per day total energy supply has also risen, 
with dietary patterns exhibiting a shift away from traditional food habits, including 
decreased consumption of wholegrain cereals (Mehio  et al. , 2010). In Mexico, 
results of the 2006 National Health and Nutrition Survey demonstrated that 
dietary patterns departing from the traditional maize- based diet (i.e. characterized 
by either more refi ned foods and sweets or overall greater dietary diversity, 
including animal products, non- maize carbohydrates, saturated fat, fruits, and 
vegetables) were associated with increased risk of overweight and obesity (Flores 
 et al. , 2010). In sum, inadequate whole grain consumption is a global issue, and 
the health of many would benefi t from a diet rich in whole grains.  

   6.2.3  Socio- demographic differences 
 Socio- demographic factors such as gender, age, race, ethnicity, income, and 
education have been associated with whole grain consumption. In the US, older 
survey data (from the 1990s) indicated that, while males typically consumed more 
whole grains than females, females consumed a higher proportion of their total 
grain intake as whole grains (Lin and Yen, 2007). The US Hispanic population 
demonstrated relatively higher whole grain consumption than white, black, and 
Asian sub- groups, and greater intakes have also been reported among individuals 
with higher levels of income and education (Adams and Engstrom, 2000; Lin and 
Yen, 2007). Thane  et al.  (2007) reported no signifi cant gender differences in 
whole grain intake for British adults, though whole grain intake increased with 
age. Additionally, in Britain (Thane  et al. , 2007) and in France (Touvier  et al. , 
2010), lower education levels and manual labor occupations were also linked 
to lower whole grain intakes compared with those with higher education and 
in different (non- manual) occupations. Whole grain consumption may be 
lower for those with lower incomes and those of different racial/ethnic identities 
due to a lack of resources (including money and availability in their food 
environment) and cultural dietary habits that exclude or have begun to exclude 
whole grains as eating patterns become more Westernized. Nonetheless, whole 
grain consumption remains low regardless of socio- demographic characteristics. 
Therefore, understanding the magnitude of the infl uence of these inherent 
differences across various socio- demographic groups may inform strategies for 
increasing whole grain intake among these populations.   

   6.3   Wholegrain foods and consumer challenges: 
internal (personal) factors 

   6.3.1  Identifi cation of whole grains and high fi ber foods 
 One factor that may contribute to lower consumption of whole grains relative to 
dietary guidance may be consumers’ inability to correctly identify whole grains 
and high fi ber foods. One governmental initiative to assist consumers in the 
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identifi cation of healthier foods was the use of health claims on package labels. In 
the early 1990s, the initial dietary health claims were developed and implemented 
as a strategy to guide consumer food choices  via  food labeling by helping 
consumers to identify whole grains and sources of dietary fi ber and helping to 
increase their understanding of diet–disease relationships (US Congress, 1990). 
In July 1999, the US FDA approved the fi rst whole grain health claim, stating: 
‘Diets rich in wholegrain foods and other plant foods and low in total fat, saturated 
fat, and cholesterol, may help reduce the risk of heart disease and certain cancers.’ 
In 2003, the whole grain health claim was modifi ed to state: ‘Diets rich in whole 
grain foods and other plant foods, and low in saturated fat and cholesterol, may 
help reduce the risk of heart disease’ (US FDA CFSAN, 2003). The FDA mandates 
that foods labeled with the whole grain health claim must contain 51% or more 
wholegrain ingredients by weight per reference amount and be low or moderate in 
fat (up to 6.5 g fat per reference amount) (US FDA CFSAN, 2003). Additionally, 
in 2006, the Whole Grains Council modifi ed their wholegrain stamps to help 
consumers identify legitimate wholegrain products (Whole Grains Council, 
2006). A wholegrain stamp that reads ‘8 g or more per serving’ can be used on 
products that offer half a serving or more of whole grain. A 100% wholegrain 
stamp that reads ‘16 g or more per serving’ can be used on products made with all 
of the grain (e.g. fl our, crushed grain, intact kernel) as whole grain. See  Table 6.1  
for other US whole grain and fi ber health claims. 

 In other industrialized countries, the whole grain requirement and acceptance 
of whole grain health claims differ per country. In the UK, the Joint Health Claims 
Initiative agreed that foods containing 51% or more wholegrain ingredients by 
weight per serving constituted a whole grain. In addition, the whole grain contains 
the germ, bran, and endosperm, and the term whole grain includes major cereal 
grains like wheat, rice, maize, and oats (Binns, 2010). The allowed health claim 
from 2002 stated: ‘People with a healthy heart tend to eat more whole grain foods 
as part of a healthy lifestyle’ (JHCI, 2002). In 2003, the Swedish Nutrition 
Foundation provided whole grain guidelines stating the product should contain at 
least 50% whole grain on a dry matter basis. The ‘Keyhole’ criteria should be 
fulfi lled when applicable, meaning the food should also meet certain requirements 
for at least one of the following: fat, sugar, salt, or dietary fi ber. Further, fl our, 
fl akes, and grains of cereals should be 100% whole grain; two- thirds whole grain 
and a maximum of 13% sugar for breakfast cereals (and less than 10% fat), gruels, 
and porridges; and two- thirds whole grain and a maximum of 10% fat for bread 
biscuits, rusks, and pasta products. The accepted Swedish health claim reads: ‘A 
healthy lifestyle and a well balanced diet rich in whole grain products reduces the 
risk for (coronary) heart disease. The product X is rich in whole grains (contains 
Y% of whole grain)’ (SNF, 2004). Similarly to Sweden, the whole grain 
requirement in Denmark is ≥50 % wholegrain ingredients on a dry matter basis 
(EFSA Panel on Dietetic Products, Nutrition and Allergies, 2010). In contrast, 
wholegrain bread must be 90% whole grain according to standards set in Germany 
(EFSA Panel on Dietetic Products, Nutrition and Allergies, 2010). Although 
health- related interest in whole grains continues to increase in Australia, the 
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    Table 6.1     Other US whole grain and fi ber related health claims  

 Ingredient/
Source 

 Year 
authorized 

 Soluble fi ber 
per reference 
amount customarily 
consumed of the 
food product 

 Model claim wording 

 Whole oat 
products 

 1997  ≥ 0.75 g  3 grams or more per day of beta- 
glucan soluble fi ber from whole oats, 
in a diet low in saturated fat and 
cholesterol, may reduce the risk of 
heart disease. 

 Psyllium  1998  ≥ 1.7 g  Diets low in saturated fat and 
cholesterol that include 7 grams of 
soluble fi ber per day from psyllium 
may reduce the risk of heart disease 
by lowering cholesterol. 

 Oatrim  2003  ≥ 0.75 g  Diets low in saturated fat and 
cholesterol that include 3 grams of 
soluble fi ber per day from Oatrim may 
reduce the risk of heart disease. One 
serving of [name of food] provides [x] 
grams of this soluble fi ber. 

 Wholegrain 
and dry 
milled barley 
products 

 2006  ≥ 0.75 g  Soluble fi ber from foods such as 
[name of food], as part of a diet low 
in saturated fat and cholesterol, may 
reduce the risk of heart disease. A 
serving of [name of food] supplies 
[x] grams of the soluble fi ber 
necessary per day to have this effect. 

 Barley 
betafi ber 
(concentrated 
beta- glucan 
soluble fi ber) 

 2008  ≥ 0.75 g  Diets low in saturated fat and 
cholesterol that include 3 grams of 
beta- glucan soluble fi ber per day 
from barley betafi ber may reduce the 
risk of heart disease. A serving of 
[name of food] supplies [x] grams of 
this soluble fi ber. 

   Source: Code of Federal Regulations, 2011.     

proposed health claim was rejected as Food Standards Australia/New Zealand 
stated that the whole grain intake and coronary heart disease relationship does not 
reach a convincing level of evidence (FSANZ, 2006). The rejected claim was as 
follows: ‘A healthy lifestyle and a well balanced diet rich in whole grain products 
reduces the risk for (coronary) heart disease. The product X is rich in whole grains 
(contains Y% of whole grain)’ (FSANZ, 2006). 

 Identifi cation of a wholegrain food is extremely diffi cult because a universal 
defi nition for a wholegrain ingredient and/or wholegrain food does not exist, 
and, as a result, labeling of wholegrain foods is inconsistent and confusing 
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(Kantor  et al. , 2001; Britten  et al. , 2006). One may carefully read labels and 
purchase high- fi ber foods or multi- grain products, but remain unaware as to 
whether the product is wholegrain. Consumers appear to have a limited 
understanding regarding the differences between whole grains, high fi ber foods, 
and fi ber supplements. This ultimately limits the consumer’s ability to identify, 
select, and purchase wholegrain foods to incorporate into their diet. Furthermore, 
it is likely that if parents cannot identify whole grains, then wholegrain foods will 
not be made available to children in the home. 

 Whole grains are broadly recognized as a food or a component of a food group 
in the US (Marquart  et al. , 2006). In addition to consumers, even food service 
personnel and nutrition professionals appear to have limited knowledge regarding 
specifi c application of the whole grain concept (Warber  et al. , 1996; Adams and 
Engstrom, 2000; Kennedy and Davis, 2000; Kantor  et al. , 2001; Chase  et al. , 
2003a; Chase  et al. , 2003b; Lang  et al. , 2003; Chase  et al. , 2004; Britten  et al. , 
2006; Burgess-Champoux  et al. , 2006; Marquart  et al. , 2006; Chan  et al. , 2009; 
Hesse  et al. , 2009). Studies have reported that consumers said they look for the 
words ‘whole grain’ when fi nding wholegrain products (Burgess-Champoux 
 et al. , 2006; Britten  et al. , 2006). Burgess-Champoux  et al.  (2006) also found that 
adults generalized whole grains as ‘wheat’ or ‘having more fi ber’ and lacked 
confi dence in correctly identifying wholegrain foods. Nutrition professionals and 
food service personnel may also lack knowledge in identifying wholegrain foods 
(Warber  et al. , 1996; Chase  et al. , 2003a; Marquart  et al. , 2006). One study 
examined the beliefs about wholegrain foods among food and nutrition 
professionals, health club members, participants in the Special Supplemental 
Nutrition Program for Women, Infants, and Children (WIC), and state fair 
attendees (Marquart  et al. , 2006). Interestingly, the largest percentage of food and 
nutrition professionals reported wholewheat bread as a wholegrain food, while 
only a few reported wholegrain bread and even fewer reported wholegrain cereal 
as wholegrain foods. Hesse  et al.  (2009) found that some school food service 
personnel do not have the necessary resources and skills to identify, purchase, 
serve, and promote wholegrain foods in school food services. Their lack of 
understanding of whole grain defi nitions may be attributed to confusion regarding 
the use of grams, percentages, or ingredients as a means to identify the amount of 
whole grain in a food item (Hesse  et al. , 2009). Chan  et al.  (2009) also reported 
limited knowledge of wholegrain foods, ingredient defi nitions, and use of 
product label information in ordering and purchasing among school food service 
personnel. Three general categories were used to identify a wholegrain food: 
‘descriptors,’ ‘percent whole grain,’ and ‘label ingredients.’ For the wholegrain 
food ‘descriptors,’ ‘fi ber’ was the most frequently mentioned. For ‘percent whole 
grain,’ most participants knew that wholegrain foods contain at least 50% whole 
grain. However, most did not know the defi nition for the US whole grain health 
claim. Additionally, only a few school food service personnel could identify the 
three components of a whole grain: bran, germ, and endosperm. 

 Although whole grains are widely considered an integral part of a healthy diet, 
one study with Canadian consumers showed that they consistently identifi ed fruits 
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and vegetables as part of a healthy diet, whereas grains they generally did not 
(Paquette, 2005). Results from a recent TNS Canadian Facts Survey of 1015 
adults, reported by the Baking Association of Canada, may shed some light on 
why whole grain intake appears to be low in Canada. Approximately 46% of 
respondents agreed with the statement: ‘Carbohydrates, including those found in 
whole grains, are fattening’ (Pasut, 2005). Thus, understanding how consumers 
perceive public health messages and debunking diet- related myths, which may 
vary by geography, will be critical to the success of improving their dietary habits. 

 Encouragingly, appropriate curricula for targeted demographics may improve 
consumers’ ability to identify wholegrain foods. In schools, educational 
interventions may improve both parents’ and children’s ability to identify whole 
grains. A school- based pilot study involving older elementary children found the 
combination of a classroom curriculum on whole grains, greater availability of 
whole grains at school, and family- oriented activities like interactive newsletters 
and grocery tours increased whole grain consumption by one serving and 
decreased refi ned grain consumption by one serving (Burgess-Champoux  et al. , 
2008). These children also improved their ability to identify wholegrain foods. In 
another intervention, two versions of a supermarket tour for parents and children 
were developed to improve parents’ skills in identifying whole grains and 
children’s ability to defi ne whole and refi ned grain terms and identify wholegrain 
foods (Lafferty  et al. , 2006). The intervention was successful in increasing both 
parents’ and children’s ability to identify whole grains with either one fi eld trip or 
one evening session, and it also enhanced their ability to confi dently select 
wholegrain foods at the point- of-purchase in the supermarket. Therefore, even 
basic education programs designed to improve children’s skills in identifying 
whole grains could help to increase consumption of these foods. However, it is 
important to emphasize that the educational components should be hands- on 
and age- appropriate for the targeted demographic. On the other end of the age 
spectrum, in a senior- based curriculum intervention, individuals attending 
congregate meals at senior centers were provided education on how to identify a 
wholegrain food. After completing the curriculum, their ability to identify whole 
grains signifi cantly improved from 45% to 62% (Ellis  et al. , 2005). 

 Additional work is necessary to facilitate communication between industry, 
academia, and consumers to clearly delineate defi nitions of whole grains and 
dietary fi ber and their benefi cial effects. Developing a defi nition with common 
ground for both the consumer and industry will not only help consumers better 
identify whole grains, but also help capture more accurately whole grain 
consumption patterns and their relationship to chronic disease risks.  

   6.3.2   Lack of knowledge about whole grains and fi ber in relation 
to disease prevention 

 Although many consumers associate whole grains with more fi ber in helping to 
maintain regularity, being generally good for you, and being less processed than 
refi ned grains, they appear to lack a deeper level of understanding that links whole 
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grain consumption with reduced risk of specifi c chronic diseases (Chase  et al. , 
2003b; Burgess-Champoux  et al. , 2006; Marquart  et al. , 2006). Many consumers 
do not understand that their risk of heart disease, diabetes, and cancer may be 
lowered when whole grains are included as part of a healthy eating pattern (Adams 
and Engstrom, 2000; Kantor  et al. , 2001; Lang  et al. , 2003; Smith  et al. , 2003; 
Marquart  et al. , 2006). Therefore, increasing general awareness of the substantial 
health benefi ts of wholegrain foods may be one approach to motivate consumers 
to increase their consumption. Ujszaszy  et al.  (2004) reported that a majority 
(77%) among school food service personnel agreed that the inclusion of 
wholegrain foods in school meals would provide health benefi ts for their students. 
Although school food service personnel attributed a wide array of health benefi ts 
to whole grains, such as reducing the risk of heart disease, diabetes, and cancer, 
and aiding in weight management, little specifi city was noted for any one chronic 
disease. More recent studies also indicate that school food service personnel 
associate wholegrain foods with non- specifi c health benefi ts (Hesse  et al. , 2009; 
Chan  et al. , 2009). 

 The average consumer is becoming more aware of whole grains and health. 
Approximately 81% of US consumers recognize the term ‘whole grains’ (IFIC, 
2009), yet there is a disconnect when translating this knowledge into action. When 
consumers were asked open- ended questions in an IFIC survey ( n  = 1064), only 
33% reported attempting to consume specifi c foods for health reasons, with 3.5% 
seeking out whole grains (IFIC, 2009). In Australia, approximately 400 adults 
were assessed as to their readiness to switch to a plant- based diet, which included 
whole grains (Lea  et al. , 2006). Most respondents were in the precontemplation 
stage with very few in the maintenance stage. Those in the precontemplation stage 
lacked awareness regarding the health benefi ts of a plant- based diet, whereas 
those in the action or maintenance stages recognized the health benefi ts of the 
plant- based diet. In a survey of fi rst- year college students, those who consumed 
the recommended number of whole grain servings displayed greater knowledge 
of dietary guidelines for major food categories than those not meeting the 
recommended servings (Kolodinsky  et al. , 2007). In another study, college 
nutrition students were introduced to a variety of whole grains (Lacey, 2007). 
Results from an evaluation showed that nutrition students had only ever cooked 
two whole grains before the experiment and had only tasted four whole grains in 
total. From this project, the nutrition students gained greater understanding of 
how to appropriately educate future clients about wholegrain foods. Thus, more 
in- depth knowledge, training, and effective communication skills for future 
dietitians related to whole grains would likely improve the public’s knowledge on 
whole grains and help to further increase consumption levels.  

   6.3.3  Lack of familiarity and sensory attributes 
 In addition to consumers being unfamiliar with different whole grains and their 
health benefi ts, the distinct sensory qualities of whole grains may also contribute 
to an overall lower intake. Several studies have shown that consumers tend not to 
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like the taste (dryness), palatability (bland), appearance, texture or color of 
wholegrain foods (Chang and Chambers, 1992; Adams and Engstrom, 2000; 
Murray  et al. , 2002; Bakke  et al. , 2007). Of these sensory qualities, the increased 
bitter taste and possibly the coarser, rougher, and harsher texture associated 
with wheat bran are the most innately disliked. Because people differ in their 
perceptions of taste and texture, these perceptions lead to variable preferences. 
Some people perceive bitter compounds more strongly than others. These people 
have functional receptors that create a perceived bitterness of certain compounds 
like 6- n -propylthiouracil (PROP) (Dinehart  et al. , 2006). Further, PROP tasters 
tend to experience a higher intensity of oral stimuli than non- tasters (Duffy  et al. , 
2004). If some consumers have an increased sensitivity to bitterness or other 
sensations, then a wholegrain product may be less preferred to a refi ned grain 
product. However, even if whole grains are preferred by one family member 
within a household, a household preference for more familiar products will have 
greater infl uence on grain purchases to appease preferences for most family 
members (Burgess-Champoux  et al. , 2006) and not waste money on uneaten 
foods (Chase  et al. , 2003b). 

 Wholegrain foods have remained unfamiliar to consumers, who have often 
not associated brand- name foods with whole grains (Marquart  et al. , 2006). 
Since consumers think of whole grains as part of a food group, strategies to 
help them become more familiar with whole grains may work similarly to 
strategies used in fruit and vegetable promotion. Once whole grains become a 
more familiar food product, identifying them should be less of a barrier to 
consumption. According to Ujszaszy  et al.  (2004), school food service personnel 
were familiar with wholegrain foods, somewhat or very motivated to serve 
wholegrain foods in their school cafeterias, and somewhat or very motivated to 
look for wholegrain alternatives to include in school meals. More recent studies 
indicate that school food service personnel are serving wholegrain foods in school 
meals on a regular basis (Chan  et al. , 2009; Hesse  et al. , 2009). 

 Unfamiliarity appears to be a major barrier to children’s consumption of 
wholegrain foods. Burgess-Champoux  et al.  (2006) found that most children 
preferred white, mild, soft breads without particles, nuts, or crusts. After children 
tried 50% wholegrain cheesebreads, they reported liking the taste and texture, but 
more than half did not like the appearance. Additionally, children liked the specifi c 
characteristics of the wholegrain cereal and 50% wholegrain cheesebread tested, 
but they were less likely to choose these test foods if served in the school lunch 
program (Burgess-Champoux  et al. , 2006). These fi ndings led the authors to 
believe that, if children are given a choice between whole grains and refi ned 
grains, it is not certain that they will choose the wholegrain product. Similarly to 
most adults, children are unable to clearly identify wholegrain foods (Burgess-
Champoux  et al. , 2006). In another study examining whole grain acceptability, 
children readily accepted common wholegrain foods such as corn bread and 
brown rice, whereas less common whole grains such as barley were not as well 
accepted (Gellar  et al. , 2009). Thus, familiarity plays a major role in whole grain 
selection, and children need to be exposed to ‘friendly’ wholegrain foods and 
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taught how to identify wholegrain products for these foods to become more 
familiar and to further enhance selection of whole grains outside the home. 

 Additional factors that infl uence the overall quality and acceptability of baked 
wholegrain products include: 1) the stability, storage, and handling of the grain 
ingredients; 2) the product formula (including levels of sugar, salt, and other 
ingredients that infl uence product fl avor, texture, and appearance) and processing 
methods (including mixing and baking); 3) the storage and handling of the baked 
products (including packaging, shelf life, and storage conditions); and 4) the time 
period the products sit in the open air before consumed (freshness). As measured 
by fl avor, texture, and appearance, these attributes are important factors for 
successful introduction of wholegrain products in the home, school cafeterias, and 
other venues.   

   6.4   Wholegrain foods and consumer challenges: 
external factors 

   6.4.1  Availability in food supply and in specifi c food environments 
 In the past, limited availability was indicated as a signifi cant barrier to whole 
grain consumption (Kantor  et al. , 2001). Over the last decade, an increasing 
stream of wholegrain products has emerged in the marketplace. In 2000, 168 
wholegrain products were launched (Whole Grains Council, 2008). Mintel ‘New 
Product Launch History’ data reported by the Whole Grains Council indicate that 
over 12 000 new wholegrain products have been introduced since then, with most 
items in the breakfast cereals category, followed by the bakery and snacks 
category, and fewer items in the meals and side dishes category (Mintel Global 
New Products Database, 2010). 

 The availability of wholegrain foods in the retail marketplace hinges on 
consumer demand along with cost and industry’s ability to produce wholegrain 
products and maintain an adequate return on investment. Recent reports indicate 
that the production of wholegrain ingredients and wholegrain foods continues 
to increase due to consumer demand (Gelski, 2007). Therefore, driving forces 
behind whole grain availability and consumption may be less associated with 
consumer demand and more an issue of manufacturers offering new wholegrain 
products or reformulated grain products that include whole grains (Mancino  et al. , 
2008). 

 While the average number of new wholegrain product introductions by food 
manufacturers quadrupled between 2001 and 2006 (Golan  et al. , 2009), the 
question remains: in order to facilitate adhering to the Dietary Guidelines, are half 
of the grain products available to consumers whole grains? A small- scaled study 
of a US northeastern supermarket chain showed that the numbers were close, with 
wholegrain foods making up almost 35% of all the grain food products on shelf 
(Whole Grains Council, 2009a). Whole grains from hot cereal, cold cereal, bread, 
dry pasta, crackers, and cookies contributed 80%, 68%, 39%, 22%, 20%, and 6%, 
respectively, to total grain products available within that food category (Whole 

�� �� �� �� ��



Consumption and consumer challenges of wholegrain foods 133

© Woodhead Publishing Limited, 2013

Grains Council, 2009a). This study focused on the availability of wholegrain 
products in a large supermarket chain, but what about availability of whole grains 
in other food establishments? 

 ‘Food deserts’ is a fairly new term that was fi rst coined in 1990 by a Nutrition 
Task Team to describe neighborhoods with few or no food outlets (Beaumont 
 et al. , 1995). Since that time, research suggests that food deserts exist and are 
more prevalent in disadvantaged areas; however, the defi nition and subsequent 
identifi cation of food deserts have been inconsistent (Cummins and Macintyre, 
2002; USDA, 2009; Walker  et al. , 2010; Gordon  et al. , 2011). Whole grain 
availability in food deserts has not historically been reported in the literature. 
However, research has indicated that foods available in both urban and rural food 
deserts were of inferior quality to foods found in non- food deserts (Henderickson 
 et al. , 2006); grocery stores were found to have more healthier foods available 
than convenience stores (Glanz  et al. , 2007). Jetter and Cassady (2005) found that 
100% wholewheat bread and grain products were less likely to be available in 
low- income neighborhood grocery stores, with 100% wholewheat bread being 
less available at the end of the month in small independent grocery stores. Kantor 
 et al.  (2001) also found that wholegrain breads, breakfast cereals, and brown rice 
and tortilla chips were widely available at conventional supermarkets, but other 
products like bulgur or quinoa may only be available at health food stores, 
specialty stores, or ethnic stores, and through the Internet (Kantor  et al. , 2001), 
making these products less available to people with lower incomes. Although 
many food deserts have less healthier options, changes in the WIC food packages 
being implemented in the US may impact the likelihood of an increased presence 
of nutritious food options in small grocery stores and corner stores. The new food 
packages include allocations for the purchase of whole grains, low- fat milk, fruits, 
and vegetables, and may help to increase (and maintain) demand for these foods 
in stores in neighborhoods that are home to high concentrations of WIC participants 
(USDA, 2009). 

 The limited availability of healthier food options like whole grains is not 
exclusive to food deserts and low- income neighborhoods. Much of the commercial 
food business, including school food service programs, has not experienced an 
increased demand for whole grains as observed for foods consumed at home. The 
Whole Grains Council (2009b) assessed attitudes towards and implementation of 
wholegrain foods in schools. Results indicated that more than half of the schools 
served whole grains at every meal, with breads (e.g. rolls, hamburger and hot dog 
buns), pizza, and chips topping the list of lunch items, while breakfast commonly 
included wholegrain cold cereals, granola bars, and breakfast bars. Although 
these schools exhibited successful incorporation of whole grains into their menus, 
barriers cited were cost, taste, appearance, and availability of the actual products. 
Resistant staff, confusion in identifying wholegrain products, and more time and 
labor needed for preparation of whole grains were environmental barriers (Whole 
Grains Council, 2009b). Chan  et al.  (2009) reported similar barriers to introducing 
more wholegrain foods into schools, including sensory characteristics, availability, 
and cost. Availability of wholegrain products in schools may also be related to the 
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schools’ location and size, as well as distance from distribution hubs, which may 
have an effect on the service, quality, and demand for wholegrain products (Hesse 
 et al. , 2009; Rosen  et al. , 2011). Moreover, few wholegrain products have been 
made available to schools through the USDA Schools/Child Nutrition Commodity 
Program. In 2007, only nine out of the 45 grain products available to school food 
programs contained whole grains (Whole Grains Council, 2010a). Wholegrain 
pasta, rather common on supermarket shelves, was not available until the 2008–9 
school year (USDA FNS, 2010). 

 The availability of whole grains in smaller business settings, such as childcare 
centers, is also limited. It is recommended that childcare facilities provide half to 
two- thirds of the Recommended Dietary Allowances for children who attend for 
the full day (ADA, 2005). For children’s daily intake from the grains category, 
fi ve ounces are recommended, of which 2.5 ounces should be whole grain. In a 
recent study that investigated whether these recommendations were being met by 
childcare centers in North Carolina, Ball  et al.  (2008) found that all children were 
served a grain product during meals. However, the ratio of refi ned grains to whole 
grains fell far below 2:1, with 2.09 ounces of total grains served, including just 
0.39 ounces of whole grain (Ball  et al. , 2008). 

 Due to the demand for whole grains originating from a policy perspective 
rather than from consumer demand, retail and commercial food chains have not 
been as quick to implement changes in their grain offerings. Some retail stores, 
such as Great Harvest Bread Company and Whole Foods, have been serving 
whole grains since they opened, and several other independent and chain 
restaurants, including California Pizza Kitchen and Jack in the Box, have been 
gradually incorporating more whole grains into menu items to meet their 
customers’ requests for whole grains (Whole Grains Council, 2010b). Whole 
grains do appear to be gaining some traction on restaurant menus, as a recent 
survey of 76 national chain restaurant headquarters showed that 41 chains offered 
at least one whole grain choice on the daily menu (Whole Grains Council, 2009b).  

   6.4.2  Cost 
 Some may argue that eating healthily costs more money. Bernstein  et al.  (2010) 
evaluated the cost of dietary patterns of US women as related to prevention of 
cardiovascular disease. In this study, a healthier diet was more costly; however, 
large improvements in the diet could be achieved without spending signifi cantly 
more money. The authors recommended increasing spending on healthier, nutrient- 
dense items such as nuts, soy, other beans, and whole grains, while decreasing 
spending on red and processed meats and high- fat dairy products (Bernstein  et al. , 
2010). With respect to whole grains, it is well known that the cost difference 
associated with switching to whole grains is a commonly cited barrier to their 
purchase. Historically, various wholegrain products have been considered 
specialty items and, thus, were produced in smaller quantities (Buzby   et al. , 
2005). Therefore, the higher cost of manufacturing and marketing whole grains 
relative to the cost of refi ned grains, which benefi t from economies of scale, could 
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stifl e the demand for whole grains. If the price differential is due solely to 
economies of scale, then an expanding whole grain market, fueled by demand, 
would ease existing price differentials and further increase the demand for whole 
grains. However, this may not be the whole picture. According to the most recent 
Consumer Pricing Index Detailed Report, wholewheat bread in the US costs on 
average $0.40 more than a loaf of refi ned bread ($1.76 versus $1.36) (Crawford 
 et al. , 2010). Similar price gaps have been reported elsewhere, indicating about a 
25% increase in the cost of wholegrain products over their refi ned counterparts 
(Kantor  et al. , 2001; Buzby  et al. , 2005). Some products, such as cookies, crackers, 
and chips, may be close to or equal to the cost of the refi ned equivalent (Whole 
Grains Council, 2009a). Added cost in the same food category may dissuade 
consumers from purchasing some wholegrain products for their household. 

 Although the added cost of whole grains may seem relatively minor for 
individuals to incur, especially given the increased health benefi ts, the monetary 
impact becomes more diffi cult for schools and other institutions to face. As 
previously mentioned, the cost of wholegrain items for schools has been reported 
as an issue in the attainment of wholegrain products for their menus (Chan  et al. , 
2009; Hesse  et al. , 2009; Rosen  et al. , submitted), rendering it an unrealistic change. 
The cost for schools to purchase wholegrain items compared with their refi ned 
counterparts may be as little as a penny per serving, but this penny per serving 
times the thousands of lunches served daily can turn into a substantial amount for a 
district to incur. The hardship of increased cost for wholegrain products and other 
healthy, nutrient- dense foods in American schools was recently acknowledged in 
the report  Solving the Problem of Childhood Obesity within a Generation , which 
recommends the provision of ‘economic incentives for healthy foods such as fruits, 
vegetables and whole grains’ to schools as part of a concerted effort to fi ght the 
epidemic of childhood obesity (White House Task Force on Childhood Obesity, 
2010). Despite the incurred cost, school districts will have to make these changes 
due to the new requirements of the updated nutrition standards for school lunches, 
which mandate that by 2014, all grains offered be wholegrain-rich (FNS, 2012).  

   6.4.3  Convenience 
 Along with cost as a major factor infl uencing food purchasing behavior, many 
consumers, whether individuals or at the commercial level, value convenience. In the 
US, consumption patterns have shifted towards more away- from-home foods with 
less time spent on at- home food preparation. Grain- based foods are low cost, energy- 
dense items that are typically less expensive than fruits and vegetables (Drewnowski, 
2010). Therefore, when families, food service directors, or retail businesses are 
looking for foods that are convenient and inexpensive, they often purchase grain- 
based foods. However, many of these foods, including snack foods, can contain 
signifi cant amounts of added fat, sugar, and sodium to enhance palatability and, in 
some cases, extend shelf life. In recent years, this notion of added sugar has been 
recognized by various food manufacturers, who have since pledged to decrease 
sugar in various products such as ready- to-eat cereals. Additionally, manufacturers 

�� �� �� �� ��



136 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

have begun to incorporate whole grains into many convenience foods to meet various 
nutrition standards set by schools. Some of these products, such as graham crackers, 
have been tested with schoolchildren and were as well liked as their refi ned 
counterparts (Sadeghi and Marquart, 2009; Sadeghi and Marquart, 2010). 

 Preparation time is often an important aspect of convenience, and it can present 
a barrier to whole grain consumption, depending on the grain product; some take 
considerably more time to cook than their refi ned counterparts. For example, 
brown rice takes almost twice as long to cook as white rice. On the other hand, 
wholewheat pasta typically takes less time to cook than conventional pasta, and 
overcooking and holding can lead to undesirable changes in texture, posing a 
challenge in food service settings where timing is crucial when serving mass 
quantities. In general, the time that people have to spend on cooking has decreased 
over the past 30 years (Rose, 2007; Zick and Stevens, 2009). The Thrifty Food 
Plan (TFP) has a unique role in US nutrition policy, integrating both dietary 
guidance and anti- hunger policies and providing the basis for the Supplemental 
Nutrition Assistance Program. To be economical, the TFP logically assumes that 
most dishes are prepared from raw ingredients, yet research has indicated that 
meal time preparation has decreased by about 25% for both working and non- 
working women, and that this plan may be somewhat unrealistic (Rose, 2007). 
Davis and You (2010) further investigated the aspect of time and also examined 
the cost of labor in addition to the cost of food. Results indicated the TFP falls 
well below the Dietary Guidelines when factoring in labor costs. The trade- offs 
between time and money used in the preparation of meals for low- income families 
may be a contradiction of policy, warranting further acknowledgement.   

   6.5  Approaches to introducing wholegrain foods 
 Eating habits become engrained in an individual’s lifestyle and can be hard to 
change. Therefore, starting healthy eating habits when one is young may contribute 
to a healthy lifestyle later in life. Introducing acceptable wholegrain foods for 
children remains a challenge. Children’s food preferences and dietary choices are 
primarily driven by taste, and they tend to prefer foods that are familiar in taste, 
texture, fl avor, and appearance (Burgess-Champoux  et al. , 2006). It may be 
important to consider food preferences when selecting popular grain- based foods 
or other appropriate foods to deliver wholegrain ingredients. Additionally, 
research suggests that children’s preferences for most foods are shaped by repeated 
experience (Birch, 1999; Koivisto Hursti, 1999). Thus, one approach to enhance 
children’s preference for whole grains might be to frequently introduce different 
types of high quality wholegrain foods at home and in the school cafeteria. This 
approach gives children the opportunity for repeated exposures to wholegrain 
foods. The incorporation of white wholewheat fl our versus traditional red whole 
wheat into grain- based foods can help minimize changes to the appearance, fl avor, 
and texture of the product. Preliminary sensory research suggested that white 
whole wheat might provide more acceptable products as judged by children. 
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Lukow  et al.  (2004) found that children preferred the appearance of pan bread 
made with lighter colored white wholewheat fl our two and half times more than 
the darker traditional red wholewheat fl our. Further, children preferred the taste of 
bread made with white whole wheat twice as much as red whole wheat. If children 
are frequently exposed to a ‘friendly’ or more familiar looking food that contains 
whole grains, they may gradually become accustomed to wholegrain foods. 
Alternatively, introducing traditional wholegrain foods with the distinct taste, 
texture, and fl avor profi les that children may fi nd offensive has the possibility of 
lessening children’s enthusiasm for trying wholegrain foods in the future. 

 The introduction of wholegrain fl our into familiar grain products such as pizza, 
bread, and hamburger buns may potentially increase whole grain and dietary fi ber 
consumption at home and in food service settings.  Table 6.2  provides an overview 
of consumption patterns of partial and 100% wholegrain foods by elementary 
school children. When a wholegrain ingredient was introduced gradually, children 

    Table 6.2     Consumption of partial and 100% wholegrain foods by elementary school 
children  

 Grain products 
served 
(per serving) 

 Average 
number of 
children ( n ) 

 Percentage 
of grain 
ingredients 
as WG 

 Amount 
of WG 
(g/serving) 

 Consumption 
average 

 Source 

 Hamburger 
bun (2 oz) 

 320  0–91  0–25  63%  Rosen et al., 
2008 

 Pizza (1 slice) a   290  0–50  0–16  74%  Chan et al., 
2008 
Schroeder 
et al., in press 

 Pasta (1/2 cup)  340  23–100  6–25  73%  Unpublished 
data, 
University of 
Minnesota 

 Rolls (1.5 oz)  360  0–91  0–19  68%  Rosen et al., 
2008 

 French bread 
(1 oz) 

 345  50  6  45%  Schroeder 
et al., in press 

 Crackers (30 g)  115  0–100  0–26  71%  Sadeghi and 
Marquart, 
2009; 2010 

 Cookie (30 g)  275  75–100  5–10  74%  Unpublished 
data, 
University of 
Minnesota 

   Source: Adapted from Rosen et al., 2009.   
 Notes: WG, whole grain.  
   a  Pizza slices were 129–144 g per serving.     
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were found to accept red wholewheat and white wholewheat buns and rolls at 
consumption levels comparable to refi ned grain versions in a school food service 
setting (Rosen  et al. , 2008). Children accepted whole grains made from red and 
white wheat products at 12.9 grams and 10.7 grams, respectively. Preliminary 
studies by Chan  et al.  (2008) found that school children consumed pizza crust 
made with a 50:50 blend of white wholewheat fl our and refi ned wheat fl our at 
levels similar to pizza crust made with 100% refi ned grain fl our. However, there 
is limited research on children’s acceptance of various types of wholewheat fl our 
in traditional grain foods in a school cafeteria setting. More research on 
incorporating whole grains into school meals is needed to increase the acceptability 
and consumption of wholegrain foods. 

 Few studies have examined varied approaches to introducing wholegrain 
foods. Approaches have mainly focused on increasing children’s consumption of 
wholegrain foods. In a recent intervention, WIC participants in California were 
provided with a two- month curriculum on whole grains (Ritchie  et al. , 2010). 
Consumption of whole grains increased among English speakers, but not Spanish 
speakers. Additionally, even though there was an increase in intent to use whole 
grains, there was no change in label reading after the intervention. In a 12-week 
program aimed at improving physical activity and nutrition in children with 
parental involvement, more than 75% of children increased their intake of whole 
grains (Slawta  et al. , 2008). Another intervention focused on improving the 
content of sack lunches brought to childcare centers (Sweitzer  et al. , 2010). 
Parents and teachers were educated on increasing fruits, vegetables, and whole 
grains. At the end of the study, whole grain servings in sack lunches increased 
to one serving. However, actual consumption of sack lunch contents by children 
was not documented. In a YMCA after- school program intervention, researchers 
aimed to improve the snack and beverage choices (Mozaffarian  et al. , 
2010). YMCA staff members were educated on healthy eating standards and 
advised to incorporate these standards into their after- school programs. Although 
improvements were seen in fruit and vegetable consumption, an increase in whole 
grain servings did not occur. YMCA staff reported whole grains based on higher 
fi ber grains versus as a whole grain; thus, it remains unclear how whole grain 
consumption was affected by the intervention. Wholegrain foods are complex to 
understand when trying to integrate into a meal plan, and this reiterates the need 
for a clear defi nition for whole grains and increased effort in identifying these 
products for the public. Additionally, nutrition education on whole grains should 
be designed for the targeted demographic, and parental involvement appears to 
improve desired outcomes related to whole grain awareness and consumption by 
children. 

 In a recent dietary modeling study, whole grain intake was modeled by 
replacing varying proportions of refi ned fl our in common grain products; thus, the 
impact of substituting whole grain for <51% of the refi ned grain in 100% refi ned 
grain products was examined (Keast  et al. , 2011). Post- modeling whole grain 
intake increased by 1.7 ounce equivalents per day. Further, whole grain intake did 
not differ by poverty level post- modeling. 
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 While a few studies have examined the inclusion of whole grains into grain- 
based foods, mainly in school settings, others have explored the addition of 
dietary fi ber to the regular diets of nursing home or long- term care residents. In a 
12-week study, seniors were provided an oat bran fi ber supplement (18 g 
fi ber/100 g) in the form of a cake (Sturtzel and Elmadfa, 2008). Laxative use was 
signifi cantly reduced by 59%, body weight was maintained, and the seniors’ 
quality of life improved, while in the control group laxative use increased by 8% 
and body weight signifi cantly decreased. Because the oat bran was adapted into a 
product the seniors were familiar with and enjoyed, adequate dietary fi ber was 
incorporated into their diet, providing signifi cant targeted health benefi ts. In 
another study, residents in a long- term care facility received 1–3 g/serving of pea 
hull fi ber integrated into three to four foods each day (Dahl  et al. , 2003). After six 
weeks, bowel frequency signifi cantly increased and laxative use decreased. Thus, 
careful thought when integrating dietary fi ber into the regular diet creates an 
inexpensive, acceptable higher fi ber food product that helps one to meet the fi ber 
recommendations. 

 Various approaches focused on the grain (versus educational interventions) 
have been suggested as means to introduce wholegrain foods into the marketplace 
for consumers in general: 1) use a gradual approach (slowly add more whole grain 
into the product formulation over time) (Rosen  et al. , 2009); 2) use white whole 
wheat and other light- colored wholegrain ingredients instead of red whole wheat 
(minimize perceptible change in color); 3) use fi ner particle size wholegrain fl ours 
(minimize perceptible change in texture and appearance); 4) make more 100% 
wholegrain breads, breakfast cereals, and other products available; and 5) develop 
innovative/novel products containing whole grains in beverages, extenders in 
protein items, and soups (Marquart  et al. , 2006). These approaches may be 
valuable to introduce acceptable and palatable wholegrain foods into school 
menus, as well as restaurants, and in the retail market for home purchase.  

   6.6  Future trends 
   6.6.1  Wholegrain foods and consumer demand 
 Although consumption of whole grains and fi ber remains below dietary 
recommendations worldwide, consumer purchasing trends are currently shifting 
towards increased whole grain purchases, at least in the US marketplace (Arndt, 
2010). This gradual shift in consumer preferences may be due to several factors 
previously discussed, including the health benefi ts of whole grains, increased 
consumer awareness, evolving taste preferences, and also the increased availability 
of whole grain options in a variety of settings. Even while progress is being made 
towards increasing availability of whole grain and fi ber, signifi cant barriers still 
exist in establishing whole grains and fi ber as the societal or cultural norm 
worldwide. Several of these barriers have been discussed, including taste, 
familiarity, availability, cost, and convenience. Overall, industry has responded to 
the mounting scientifi c evidence of the health benefi ts of whole grains and fi ber, 
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as well as to consumer demand, with a dramatic increase in the introduction of 
wholegrain and higher fi ber products into the marketplace. In some cases, these 
were modifi cations to existing products, while others came from innovative new 
product solutions. In addition to maintaining the growth of wholegrain and higher 
fi ber products, a next step in product innovation aimed at improving public health 
will include addressing issues of caloric and nutrient density, overall nutrition, 
and modifying the fats, sugars, and sodium added to grain- based foods. 

 Consumers currently eat far more calories than recommended through dietary 
guidance for health and weight maintenance. Children obtain most of these excess 
calories through grain- based dishes, including grain desserts and pizza (Reedy 
and Krebs-Smith, 2010). Both a push from the food industry and increasing 
demand from consumers will be needed to improve the availability of wholegrain 
foods for all consumers everywhere. It is unlikely that consumer demand 
alone will be suffi cient to sustain a healthy food supply, given the logistics and 
economics of the current distribution of food (Krebs-Smith  et al ., 2010). However, 
several key groups informing consumers about healthy food choices, such as 
physicians and registered dietitians, will be essential in growing a sustained 
demand for healthy foods (Rowe  et al. , 2011a). Policy- makers and industry must 
also make a concerted effort to advance a healthy, sustainable food supply, while 
consumers must take more responsibility and seek education through various 
public health programs and initiatives (DGAC, 2010). Changes to the USDA’s 
WIC food package that require program participants to purchase wholegrain 
foods are a recent example of policy modifi cations that may help to facilitate 
increased consumer demand for a healthy food supply, including wholegrain and 
fi ber foods (Committee to Review the WIC Food Packages, 2005). Industry’s role 
in the development and delivery of a healthy food supply may include innovative 
product development, marketing healthy products, and providing easy access for 
delivery of healthy foods to all (Porter and Kramer, 2011; Rowe  et al. , 2011b). 

 Several product formulation strategies may be considered for reducing overall 
calorie intake through grain- based foods. Each strategy should be carefully 
evaluated for effectiveness of calorie reduction in the specifi c end audience. For 
example, if a calorie- reduction strategy is to introduce more fi ber and reduced 
saturated fat in a cookie served at schools, the cookie should be tested through 
school food service channels in the natural setting to assure quality and 
acceptability with students. Other segments of the value chain may play key roles 
in creating a healthier food supply. For example, Wal- mart, the world’s largest 
retailer, has recently announced an initiative to make healthier foods more widely 
available and less costly by reformulating many of their owned brand products 
(Scott-Thomas, 2011). 

 In addition to evaluating added calories in grain- based foods, opportunities 
still exist in specifi c product categories for increasing consumer acceptance of 
wholegrain and higher fi ber food options. For example, breads and cereals have 
enjoyed a relatively smooth transition to more wholegrain, higher fi ber options in 
the marketplace with increasing consumer acceptance in these categories. Pasta, 
however, presents unique challenges to consumer acceptance of wholegrain 
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texture and fl avor. Addition of the bran to pasta dough leads to challenges such as 
less acceptable taste and texture, as well as potential storage and shelf life issues. 
Thus, research should be performed in a coordinated manner that will lead all 
stakeholders to improve wholegrain pasta and develop and deliver a quality 
product that is highly accepted by consumers.  

   6.6.2  Wholegrain foods stakeholder collaboration 
 Pasta is one example of a grain- based product in the food supply that will benefi t 
from a coordinated research and development effort of the grains community 
working together. Coordination, collaboration, and working toward collective 
solutions will be necessary to continue to effectively address consumer challenges 
to accepting healthy wholegrain and higher fi ber foods. Including government, 
industry, academia, and other organizations when formulating research 
agendas and work plans will be necessary to delineate the health benefi ts of 
wholegrain and fi ber components. Coordination of efforts will also be necessary 
to develop and deliver the most healthful grain- based foods possible to the 
consumer while maintaining favorable taste profi les and a competitive cost 
compared with refi ned grain products. In short, improving the health of the 
grain food supply will require everyone working together. Australia’s Go Grain 
initiative is an example of a specifi c work plan that crosses sectors to benefi t all. 
Go Grains specifi cally recommends aiming for an intake of 48 g of whole 
grains per day and is working with food manufacturers and organizations to 
communicate this message, such as on food packaging and in promotional 
materials, in an effort to increase whole grain consumption and promote the 
health of the Australian population (Griffi ths, 2010). 

 The execution of a comprehensive effort to increase consumer intake of 
wholegrain and higher fi ber foods will require contributions from all sectors, 
segments and disciplines within the food system. This interdisciplinary work calls 
for different sets of skills from those used to accomplish individual work or even 
collaboration within a defi ned discipline. One approach is not superior to the 
other, and both interdisciplinary work and individual work will be necessary to 
improve the availability, cost, taste, and acceptability of healthy wholegrain, 
higher fi ber products. Leaders of an interdisciplinary effort will need the ability to 
actively listen with intent, suspend judgment and individual agendas, and frame 
issues through a systemic approach in order to work successfully across sectors 
and disciplines. Thus, networking, relationship- building, and negotiating skills 
are all essential to produce expected outcomes from interdisciplinary groups that 
move complex societal issues towards desired outcomes rather than creating 
confl ict. Training for young professionals who will enter the food industry 
should include opportunities to learn collaborative skills through multi- sector, 
interdisciplinary experiences that prepare them to work through real issues in the 
food supply. Both training for young professionals and coaching for seasoned 
professionals in the grain community to operate from a base of core values, rather 
than focusing only on the bottom line, will drive innovation by allowing corporate 
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responsibility efforts to shape healthier product development, marketing, and 
business models. In some cases, grain companies are already successfully 
maintaining healthy economics by selling healthy grain- based foods. These 
successful models should be understood and replicated through interdisciplinary 
efforts to work towards the challenge of making the healthy choice the easy choice 
for consumers (DGAC, 2010).   

   6.7  Sources of further information and advice 
 There are a number of different organizations that specialize through various 
segments of the grain supply chain. The collaboration of these organizations will 
benefi t industry, policy- makers, and consumers alike as they collectively work to 
deliver healthier grain- based foods to the consumer.

   •   American Bakers Association:  www.americanbakers.org   
  •   Go Grains:  www.gograins.com.au   
  •   Grain Foods Foundation:  www.gowiththegrain.org   
  •   Grains for Health Foundation:  www.grainsforhealth.org   
  •   HEALTHGRAIN Forum:  www.healthgrain.org   
  •   IFIC:  www.foodinsight.org   
  •   Wheat Foods Council:  www.wheatfoods.org   
  •   Whole Grains Council:  www.wholegrainscouncil.org       

    6.8  References 
    AACC   ( 2000 ), ‘ AACC whole grain ingredient defi nition ’,   Cereal Foods World  ,   45  ,  79 .  
    ADA   ( 2005 ), ‘ Position of the American Dietetic Association: benchmarks for nutrition 

programs in child care settings ’,   J Am Diet Assoc  ,   105  ,  979 – 86 .  
    ADA   ( 2008 ),   Nutrition and you: trends 2008 summary of fi ndings, ADA  . Available 

from:  http://www.eatright.org/Media/content.aspx?id=7639  (Accessed 25 November 
2010).  

     ADAMS     JF    and    ENGSTROM     A    ( 2000 ), ‘ Helping consumers achieve recommended intakes of 
whole grain foods ’,   J Am Coll Nutr  ,    19 ( 3 Suppl ),  339S – 344S .  

     ALEXY     U   ,    ZORN     C    and    KERSTING     M    ( 2010 ), ‘ Whole grain in children’s diet: intake, food 
sources and trends ’,   Eur J Clin Nutr  ,   64  ,  745 – 751 .  

     ARNDT     E    ( 2010 ), ‘ Functionality and health aspects of whole grains for product development ’, 
 Institute of Food Technologists Annual Meeting ,  Chicago, IL .  

     BACHMAN     JL   ,    REEDY     J   ,    SUBAR     AF    and    KREBS- SMITH     SM    ( 2008 ), ‘ Sources of food group intakes 
among the US population, 2001-2002 ’,   J Am Diet Assoc  ,    108 ( 5 ),  804 – 14 .  

     BAKKE     A   ,    VICKERS     Z   ,    MARQUART     L    and    SJOBERG     S    ( 2007 ), ‘ Consumer acceptance of refi ned 
and whole- wheat breads ’, in    MARQUART     L   ,    JACOBS     D   ,    MCINTOSH     G   ,    POUTANEN     K    and 
   REICKS     M   ,   Whole grains and health  ,  Ames, Iowa ,  Blackwell Publishing ,  255 – 61 .  

     BALL     SC   ,    BENJAMIN     SE    and    WARD     DS    ( 2008 ), ‘ Dietary intakes in North Carolina child- care 
centers: are children meeting current recommendations? ’,   J Am Diet Assoc  ,    108 ( 4 ), 
 718 – 21 .  

     BEAUDRY     M   ,    GALIBOIS     I    and    CHAUMETTE     P    ( 1998 ), ‘ Dietary patterns of adults in Quebec and 
their nutritional adequacy ’,   Can J Public Health  ,  89 ( 5 ),  347 – 51 .  

�� �� �� �� ��



Consumption and consumer challenges of wholegrain foods 143

© Woodhead Publishing Limited, 2013

     BEAUMONT     J   ,    LANG     T   ,    LEATHER     S    and    MUCKLOW     C    ( 1995 ),   Report from the policy sub- group 
to the Nutrition Task Force Low Income Project Team of the Department of Health  , 
 Hertfordshire ,  Radlett Institute of Grocery Distribution .  

     BERNSTEIN     AM   ,    BLOOM     DE   ,    ROSNER     BA   ,    FRANZ     M    and    WILLETT     WC    ( 2010 ), ‘ Relation of food 
cost to healthfulness of diet among US women ’,   Am J Clin Nutr  ,    92 ( 5 ),  1197 – 203 .  

     BINNS     NM    ( 2010 ), ‘ Regulatory aspects for whole grain and whole grain food: an EU 
perspective ’,   Cereal Chem  ,    87 ( 2 ),  162 – 6 .  

     BIRCH     L    ( 1999 ), ‘ Development of food preferences ’,   Ann Rev Nutr  ,   19  ,  41 .  
     BRITTEN     P   ,    LYON     J   ,    WEAVER     CM   ,  et al.  ( 2006 ), ‘ MyPyramid food intake pattern modeling 

for the Dietary Guidelines Advisory Committee ’,   J Nutr Educ Behav  ,    38 ( 6 Suppl ), 
 S143 – 152 .  

     BURGESS- CHAMPOUX     T   ,    MARQUART     L   ,    VICKERS     Z    and    REICKS     M    ( 2006 ), ‘ Perceptions of 
children, parents, and teachers regarding whole- grain foods, and implications for a 
school- based intervention ’,   J Nutr Educ Behav  ,    38 ( 4 ),  230 – 7 .  

     BURGESS- CHAMPOUX     TL   ,    CHAN     HW   ,    ROSEN     R   ,    MARQUART     L    and    REICKS     M    ( 2008 ), ‘ Healthy 
whole- grain choices for children and parents: a multi- component school- based pilot 
intervention ’,   Public Health Nutr  ,    11 (8),  849 – 59 .  

     BURTON- FREEMAN     B    ( 2000 ), ‘ Dietary fi ber and energy regulation ’,   J Nutr  ,    130 ( 2S Suppl ), 
 272S – 275S .  

     BUZBY     J   ,    FARAH     H    and    VOCKE     G    ( 2005 ), ‘ Will 2005 be the year of the whole grain? ’,   Amber 
Waves  ,    3 ( 3 ).  

    CANADIAN GROCER   ( 2011 ),   Canadians misjudging grain intake  ,  Ontario ,  Rogers 
Publishing Limited . Available from:  http://www.canadiangrocer.com/research/canadians- 
misjudging-grain- intake-2876  (Accessed 22 January 2011).  

     CHAN     HW   ,    BURGESS- CHAMPOUX     TL   ,    VICKERS     Z   ,    REICKS     M    and    MARQUART     L    ( 2008 ), ‘ White 
whole grain fl our can be substituted for red in pizza crust for school children ’,   J of Nutr 
Manag  ,    32 ( 1 ).  

     CHAN     H   ,    HESSE     D   ,    REICKS     M    and    MARQUART     L    ( 2009 ), ‘ Group interviews with school 
foodservice personnel regarding whole grain foods in foodservice operations ’,   J of 
Foodservice  ,    20 ( 3 ),  109 – 16 .  

     CHANG     C    and    CHAMBERS     EI    ( 1992 ), ‘ Flavor characterization of breads made from hard red 
winter wheat and hard white winter wheat ’,   Cereal Chem  ,   69  ,  556 – 9 .  

     CHASE     K   ,    REICKS     M   ,    SRINVASAN     P    and    MARQUART     L    ( 2004 ), ‘ Factors infl uencing production 
of whole grain foods: perceptions of members of the American Association of Cereal 
Chemists ’,   J Food Distr Res  ,   35  ,  53 – 9 .  

     CHASE     K   ,    REICKS     M    and    JONES     JM    ( 2003a ), ‘ Applying the theory of planned behavior to 
promotion of whole- grain foods by dietitians ’,   J Am Diet Assoc  ,    103 ( 12 ),  1639 – 42 .  

     CHASE     K   ,    REICKS     M   ,    SMITH     C   ,    HENRY     H    and    REIMER     K    ( 2003b ), ‘ Use of the think- aloud 
method to identify factors infl uencing purchase of bread and cereals by low- income 
African American women and implications for whole- grain education ’,   J Am Diet Assoc  , 
   103 ( 4 ),  501 – 4 .  

    CODE OF FEDERAL REGULATIONS   ( 2011 ), ‘ Health claims: Soluble fi ber from certain foods 
and risk of coronary heart disease (CHD) ’, 21 CFR 101.81 (current through 27 May 
2011). Available from:  http://ecfr.gpoaccess.gov/cgi/t/text/text- idx?c=ecfr;sid=866c04a
76b3e9aa5174a45ed5f95b1a7;rgn=div8;view=text;node=21%3A2.0.1.1.2.5.1.12;idno=
21;cc=ecfr  (Accessed 29 May 2011).  

    COMMITTEE TO REVIEW THE WIC FOOD PACKAGES   ( 2005 ),   WIC food packages: time for a 
change  ,  The National Academies Press ,  Washington, DC . Available from:  http://www.
nap.edu  (Accessed 3 January 2011).  

     CRAWFORD     M   ,    KATZ     S    and    MAURO     A    ( 2010 ), ‘ CPI detailed report data for January 2010 ’, 
 Bureau of Labor Statistics . Available from:  www.bls.gov/cpi/cpid1001.pdf  (Accessed 
10 May 2011).  

     CUMMINS     S    and    MACINTYRE     S    ( 2002 ), ‘ Food deserts ’: evidence and assumption in health 
policy making, BMJ,    325 ( 7361 ),  436 – 8 .  

�� �� �� �� ��



144 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

     DAHL     WJ   ,    WHITING     SJ   ,    HEALEY     A   ,    ZELLO     GA    and    HILDEBRANDT     SL    ( 2003 ), ‘ Increased stool 
frequency occurs when fi nely processed pea hull fi ber is added to usual foods consumed 
by elderly residents in long- term care ’,   J Am Diet Assoc  ,   103  ,  1199 – 202 .  

     DAVIS     GC    and    YOU     W    ( 2010 ), ‘ The Thrifty Food Plan is not thrifty when labor cost is 
considered ’,   J Nutr  ,    140 ( 4 ),  854 – 7 .  

    DGAC   ( 2010 ),   Report of the Dietary Guidelines Advisory Committee (DGAC) on 
the Dietary Guidelines for Americans, 2010: Part A: Executive Summary  .  ARS and 
USDA ,  Washington, DC . Available from:  http://www.cnpp.usda.gov/Publications/
DietaryGuidelines/2010/DGAC/Report/A-ExecSummary.pdf  (Accessed 22 November 
2010).  

     DINEHART     M   ,    HAYES     JE   ,    BARTOSHUK     LM   ,    LANIER     SL    and    DUFFY     VB    ( 2006 ), ‘ Bitter taste markers 
explain variability in vegetable sweetness, bitterness, and intake ’,   Physiol Behav  ,   87  , 
 304 – 13 .  

     DREWNOWSKI     A    ( 2010 ), ‘ The cost of US foods as related to their nutritive value ’,   Am J Clin 
Nutr  ,    92 ( 5 ),  1181 – 8 .  

     DUFFY     VB   ,    PETERSON     JM    and    BARTOSHUK     LM    ( 2004 ), ‘ Associations between taste genetics, 
oral sensation and alcohol intake ’,   Physiol Behav  ,    82 ( 2–3 ),  435 – 45 .  

    EFSA PANEL ON DIETETIC PRODUCTS, NUTRITION AND ALLERGIES   ( 2010 ), ‘ Scientifi c opinion on 
the substantiation of health claims related to whole grain (ID 831, 832, 833, 1126, 1268, 
1269, 1270, 1271, 1431) pursuant to Article 13(1) of Regulation (EC) No 1924/2006 ’, 
  EFSA Journal  ,    8 ( 10 ),  1766 .  

     ELLIS     J   ,    JOHNSON     MA   ,    FISCHER     JG    and    HARGROVE     JL    ( 2005 ), ‘ Nutrition and health education 
intervention for whole grain foods in the Georgia older Americans nutrition programs ’, 
  J Nutr Elderly  ,    24 ( 3 ),  67 – 83 .  

     FLORES     M   ,    MACIAS     N   ,    RIVERA     M   ,  et al.  ( 2010 ), ‘ Dietary patterns in Mexican adults are 
associated with risk of being overweight or obese ’,   J Nutr  ,    140 ( 10 ),  1869 – 73 .  

    FNS   ( 2012 ),  Nutrition Standards in the National School Lunch and School Breakfast 
Programs; Final Rule , Federal Register 77:17 (January 26, 2012) p. 4088.  

    FSANZ   ( 2006 ), ‘ Review of high level health claim on wholegrains and coronary 
heart disease, FSANZ ’. Available from:  http://www.foodstandards.gov.au/foodmatters/
healthnutritionandrelatedclaims/reviewsforhighlevelc3090.cfm  (Accessed 23 January 
2011).  

     GELLAR     L   ,    ROVNER     AJ    and    NANSEL     TR    ( 2009 ), ‘ Whole grain and legume acceptability among 
youths with type 1 diabetes ’,   Diabetes Educ  ,    35 ( 3 ),  422 – 7 .  

     GELSKI     J    ( 2007 ), ‘ Let them eat whole grain cake: formulators begin to explore adding more 
whole grains to indulgent items ’,   Milling and Baking News ,  86 (4), 23–30 .  

     GLANZ     K   ,    SALLIA     JF   ,    SAELENS     BE    and    FRANK     LD    ( 2007 ), ‘ Nutrition Environment 
Measures Survey in Stores (NEMS-S): development and evaluation ’,   Am J Prev Med  , 
   32 ( 4 ),  282 – 9 .  

    GO GRAINS HEALTH AND NUTRITION LTD   ( 2010 ),   The grains and legumes health report: a 
review of the science  ,  New South Wales ,  Go Grains Health and Nutrition Ltd . Available 
at:  http://www.gograins.com.au/pdfs/Go+Grains+Report+22.04.10.pdf  (Accessed 27 
November 2010).  

     GOLAN     E   ,    MANCINO     L    and    UNNEVEHR     L    ( 2009 ), ‘ Food policy: check the list of ingredients ’, 
  Amber Waves  ,    7 ( 2 ).  

     GORDON     C   ,    PURCIEL- HILL     M   ,    GHAI     NR   ,    KAUFMAN     L   ,    GRAHAM     R    and    VAN WYE     G    ( 2011 ), 
‘ Measuring food deserts in New York City’s low- income neighborhoods ’,   Health Place  , 
   17 ( 2 ),  696 – 700 .  

     GRIFFITHS     T    ( 2010 ), ‘ Promoting cereal grain and whole grain consumption: an Australian 
perspective ’,   Cereal Chem  ,    87 (2),  159 – 61 .  

    HEALTH CANADA   ( 2007a ),   Canada’s food guide  ,  Health Canada . Available from:  http://www.
hc- sc.gc.ca/fn- an/food- guide-aliment/index- eng.php  (Accessed 15 December 2010).  

    HEALTH CANADA   ( 2007b ),   Whole grains – get the facts  ,  Health Canada . Available from:  http://
www.hc- sc.gc.ca/fn- an/nutrition/whole- grain-entiers- eng.php  (Accessed 22 January 2011).  

�� �� �� �� ��



Consumption and consumer challenges of wholegrain foods 145

© Woodhead Publishing Limited, 2013

    HEALTH GRAIN   ( 2006 ),   How much whole grain is good for you?  ,  Health Grain . Available 
from:  http://www.healthgrain.eu/pub/chapter- fi ve.php#DACH  (Accessed 7 May 2011).  

     HENDERICKSON     D   ,    SMITH     C    and    EIKENBERRY     N    ( 2006 ), ‘ Fruit and vegetable access in four 
low- income food deserts communities in Minnesota ’,   Agr Human Values  ,   23  ,  371 – 83 .  

     HESSE     D   ,    BRAUN     C   ,    DOSTAL     A   ,    JEFFERY     R    and    MARQUART     L    ( 2009 ), ‘ Barriers and opportunities 
related to whole grain foods in Minnesota school foodservice ’,   J Child Nutr Manag  ,    33 ( 1 ).  

     HOLT     SH   ,    MILLER     JC   ,    PETOCZ     P    and    FARMAKALIDIS     E    ( 1995 ), ‘ A satiety index of common 
foods ’,   Eur J Clin Nutr  ,    49 ( 9 ),  675 – 90 .  

    IFIC   ( 2009 ),   2009 Food and health survey: consumer attitudes toward food safety, nutrition 
and Health  ,  Washington, DC ,  IFIC . Available from:  http://www.foodinsight.org/
Resources/Detail.aspx?topic=2009_Food_Health_Survey_Consumer_Attitudes_
toward_Food_Nutrition_and_Health  (Accessed 25 February 2010).  

    IFIC   ( 2010 ),   2010 Food and health survey: consumer attitudes toward food safety, nutrition 
and health  ,  Washington, DC ,  IFIC . Available from:  http://www.foodinsight.org/Content
/3651/2010FinalFullReport.pdf  (Accessed 25 November 2010).  

     JETTER     KM    and    CASSADY     DL    ( 2005 ), ‘ The availability and cost of healthier food ’,   AIC Issue 
Brief No. 29  ,  University of California ,  Davis Agricultural Issues Center .  

    JHCI   ( 2002 ),   Joint Health Claims Initiative approved generic health claim  ,  JHCI . Available 
from:  http://www.jhci.org.uk/approv/wgrainh.htm  (Accessed 23 January 2011).  

     JONES     JM    ( 2010 ), ‘ Regulatory aspects of whole grain and whole grain foods: defi nitions and 
labeling ’,   Cereal Chem  ,    87 ( 2 ),  150 – 4 .  

     KANTOR     LS   ,    VARIYAM     JN   ,    ALLSHOUSE     JE   ,    PUTNAM     JJ    and    LIN     BH    ( 2001 ), ‘ Choose a variety of 
grains daily, especially whole grains: a challenge for consumers ’,   J Nutr  ,    131 ( 2S-1 ), 
 473S – 486S .  

     KEAST     DR   ,    ROSEN     RA   ,    ARNDT     EA    and    MARQUART     LF    (2011), ‘ Dietary modeling shows that 
substitution of whole grain for refi ned grain ingredients of foods commonly consumed 
by US children and teens can increase intake of whole grains ’,   J Am Diet Assoc ,  111 (9), 
1322–8.   

     KENNEDY     E    and    DAVIS     CA    ( 2000 ), ‘ Dietary guidelines 2000 – the opportunity and challenges 
for reaching the consumer ’,   J Am Diet Assoc  ,    100 ( 12 ),  1462 – 5 .  

    KOIVISTO HURSTI UK   ( 1999 ), ‘ Factors infl uencing children’s food choice ’,   Annals of Med  , 
   31 ( 1 ),  26 – 32 .  

     KOLODINSKY     J   ,    HARVEY- BERINO     JR   ,    BERLIN     L   ,    JOHNSON     RK    and    REYNOLDS     TW    
( 2007 ), ‘ Knowledge of current dietary guidelines and food choice by college students: 
better eaters have higher knowledge of dietary guidance ’,   J Am Diet Assoc  ,    107 ( 8 ), 
 1409 – 13 .  

     KREBS- SMITH     SM   ,    REEDY     J    and    BOSIRE     C    ( 2010 ), ‘ Healthfulness of the US food supply: little 
improvement despite decades of dietary guidance ’,   Am J Prev Med  ,    38 ( 5 ),  472 – 7 .  

     LACEY     JM    ( 2007 ), ‘ Enhancing students’ understanding of whole cereal grains in a university 
experimental foods course ’,   J Nutr Edu Behav  ,    39 ( 4 ),  235 – 6 .  

     LAFFERTY     A   ,    MARQUART     L    and    REICKS     M    ( 2006 ), ‘ Hunting for whole grains: a supermarket 
tour ’,   J Nutr Educ Behav  ,    38 ( 3 ),  197 – 8 .  

     LANG     R    and    JEBB     SA    ( 2003 ), ‘ Who consumes whole grains, and how much? ’,   Proc Nutr Soc  , 
  62  ,  123 – 7 .  

     LANG     R   ,    THANE     CW   ,    BOLTON- SMITH     C    and    JEBB     SA    ( 2003 ), ‘ Consumption of whole- grain 
foods by British adults: fi ndings from further analysis of two national dietary surveys ’, 
  Public Health Nutr  ,    6 ( 5 ),  479 – 84 .  

     LEA     EJ   ,    CRAWFORD     D    and    WORSLEY     A    ( 2006 ), ‘ Consumers’ readiness to eat a plant- based 
diet ’,   Eur J Clin Nutr  ,    60 ( 3 ),  342 – 51 .  

     LIN     BW    and    YEN     ST    ( 2007 ),   The US grain consumption landscape: who eats grain, in what 
form, where, and how much? Report No. 50  ,  Washington, DC ,  USDA Economic 
Research Service .  

     LUKOW     OM   ,    GUINARD     JX    and    ADAMS     KM    ( 2004 ), ‘ Whole wheat bread preference of children ’, 
 AACC Annual Meeting ,  San Diego, CA .  

�� �� �� �� ��



146 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

     MANCINO     L   ,    KUCHLER     F    and    LEIBTAG     E    ( 2008 ), ‘ Getting consumers to eat more whole grains: 
the role of policy, information, and food manufacturers ’,   Food Policy  ,   33  ,  489 – 96 .  

     MARQUART     L   ,    PHAM     AT   ,    LAUTENSCHLAGER     L   ,    CROY     M    and    SOBAL     J    ( 2006 ), ‘ Beliefs about 
whole- grain foods by food and nutrition professionals, health club members, and special 
supplemental nutrition program for women, infants, and children participants/state fair 
attendees ’,   J Am Diet Assoc  ,    106 ( 11 ),  1856 – 60 .  

     MEHIO     SA   ,    NASREDDINE     L   ,    MOKDAD     AH   ,    ADRA     N   ,    TABET     M    and    HWALLA     N    ( 2010 ), ‘ Nutrition 
transition and cardiovascular disease risk factors in the Middle East and North Africa 
Countries: reviewing the evidence ’,   Ann Nutr Metab  ,    57 ( 3–4 ),  193 – 203 .  

    MINTEL GLOBAL NEW PRODUCTS DATABASE   ( 2010 ), ‘ Whole grain growth worldwide, 2000-
2010 ’. Available from:  http://www.wholegrainscouncil.org/newsroom/whole- grain-
statistics  (Accessed 10 December 2010).  

     MONTONEN     J   ,    KNEKT     P   ,    JARVINEN     R   ,    AROMAA     A    and    REUNANEN     A    ( 2003 ), ‘ Whole- grain and 
fi ber intake and the incidence of type 2 diabetes ’,   Am J Clin Nutr  ,   77  ,  622 – 9 .  

     MOZAFFARIAN     RS   ,    WIECHA     JL   ,    ROTH     BA   ,    NELSON     TF   ,    LEE     RM    and    GORTMAKER     SL    
( 2010 ), ‘ Impact of an organizational intervention designed to improve snack 
and beverage quality in YMCA after- school programs ’,   Am J Public Health  ,    100 ( 5 ), 
 925 – 32 .  

     MURRAY     JM   ,    COX     D   ,    EASTON     K    and    MIALON     VS    ( 2002 ), ‘ Descriptive sensory analysis of 
Australian breads ’,   Food Australia  ,   54  ,  247 – 52 .  

    NATIONAL FOOD INSTITUTE   ( 2008 ),   Wholegrain – defi nition and scientifi c background for 
recommendations of wholegrain intake in Denmark  ,  Technical University of Denmark . 
Available from:  http://www.food.dtu.dk/  (Accessed 27 November 2010).  

    NHMRC   ( 2003 ),   Guidelines for all Australians  ,  Australian Government . Available from: 
 www.nhmrc.gov.au/publications/synopses/dietsyn.htm  (Accessed 13 May 2011).  

     O’NEIL     CE   ,    NICKLAS     TA   ,    ZANOVEC     M    and    CHO     S    ( 2010 ), ‘ Whole- grain consumption is 
associated with diet quality and nutrient intake in adults: the National Health and 
Nutrition Examination Survey, 1999-2004 ’,   J Am Diet Assoc  ,    110 ( 10 ),  1461 – 8 .  

     PAQUETTE     M    ( 2005 ), ‘ Perceptions of healthy eating: state of knowledge and research gaps ’, 
  Can J Public Health  ,    96 ( 3 ),  S15 – S19 .  

     PASUT     L    ( 2005 ),   Grains: essential for healthy eating  ,  Ontario ,  Baking Association of 
Canada . Available from:  http://www.bakingassoccanada.com  (Accessed 14 December 
2010).  

     PENG     Y    ( 2004 ),   Canadian consumer trends in obesity and food consumption  ,  Alberta , 
 Alberta Agriculture, Food and Rural Development . Available from:  http://www1.agric.
gov.ab.ca/$department/deptdocs.nsf/all/sis8438  (Accessed 22 January 2011).  

     PORIKOS     K    and    HAGAMEN     S    ( 1986 ), ‘ Is fi ber satiating? Effects of a high fi ber preload on 
subsequent food intake of normal- weight and obese young men ’,   Appetite  ,    7 ( 2 ),  153 – 62 .  

     PORTER     ME    and    KRAMER     MR    ( 2011 ), ‘ Creating shared value ’,   Harvard Business Review  , 
 January–February ,  64 – 77 .  

     REEDY     J    and    KREBS- SMITH     SM    ( 2010 ), ‘ Dietary sources of energy, solid fats, and added 
sugars among children and adolescents in the United States ’,   J Am Diet Assoc  ,    110 ( 10 ), 
 1477 – 84 .  

     RITCHIE     LD   ,    WHALEY     SE   ,    SPECTOR     P   ,    GOMEZ     J    and    CRAWFORD     PB    ( 2010 ), ‘ Favorable impact of 
nutrition education on California WIC families ’,   J Nutr Educ Behav  ,    42 ( 3 ),  S2 – 10 .  

     ROLLS     BJ   ,    BELL     EA   ,    CASTELLANOS     VH   ,    CHOW     M   ,    PELKMAN     CL    and    THORWART     ML    ( 1999 ), 
‘ Energy density but not fat content of foods affected energy intake in lean and obese 
women ’,   Am J Clin Nutr  ,    69 ( 5 ),  863 – 71 .  

     ROSE     D    ( 2007 ), ‘ Food Stamps, the Thrifty Food Plan, and meal preparation: the importance 
of the time dimension for US nutrition policy ’,   J Nutr Educ Behav  ,    39 ( 4 ),  226 – 32 .  

     ROSEN     RA   ,    SADEGHI     L   ,    SCHROEDER     N   ,    REICKS     MM    and    MARQUART     L    ( 2008 ), ‘ Gradual 
incorporation of whole wheat fl our into bread products for elementary school children 
improves whole grain intake ’,   J Child Nutr Manag  ,    32 ( 2 ). http://www.schoolnutrition.
org/content.aspx?id=10584  

�� �� �� �� ��



Consumption and consumer challenges of wholegrain foods 147

© Woodhead Publishing Limited, 2013

     ROSEN     RA   ,    SCHMITZ     K   ,    COHEN     EA   ,    ARNDT     EA   ,    REICKS     M    and    MARQUART     L    ( 2009 ), ‘ A gradual 
approach to increasing whole grain consumption in children ’,   Cereal Foods World  , 
   54 ( 3 ),  113 – 17 .  

     ROSEN     R   ,    HAUGE     D   ,    ARNDT     E   ,    VEAL     M    and    MARQUART     L    (submitted), ‘ Exploring the use of 
whole grain pasta in school lunches ’,   J Child Nutr Manag  ,  35 (2).  

     ROSEN     R   ,    ARNDT     E    and    MARQUART     L    (submitted), ‘ Pasta dishes as a vehicle for meeting 
whole grain requirements in school meals: Challenges, opportunities and benefi ts ’, 
  Journal of Foodservice Management and Education.    

     ROWE     S   ,    ALEXANDER     N   ,    ALMEIDA     NG   ,  et al.  ( 2011a ), ‘ Translating the Dietary Guidelines for 
Americans 2010 to bring about real behavior change ’,   J Am Diet Assoc  ,   111  ,  28 – 39 .  

     ROWE     S   ,    ALEXANDER     N   ,    ALMEIDA     N   ,  et al.  ( 2011b ), ‘ Food science challenge: translating the 
Dietary Guidelines for Americans to bring about real behavior change ’,   J Food Sci  , 
   76 ( 1 ),  R29 – R37 .  

     SADEGHI     L    and    MARQUART     L    ( 2009 ), ‘ Whole grain snack intake in an after- school snack 
program: a pilot study ’,   Journal of Foodservice  ,    20 ( 2 ),  71 – 80 .  

     SADEGHI     L    and    MARQUART     L    ( 2010 ), ‘ Consumption of graham snacks in after- school snack 
programs based on whole grain fl our content ’,   Br Food J  ,    112 ( 7 ),  723 – 36 .  

     SARIS     WH    ( 2003 ), ‘ Glycemic carbohydrate and body weight regulation ’,   Nutr Rev  ,    61 ( 5 Pt 
2 ), S10-6.  

     SCHROEDER     N   ,    RONNEI     J   ,    ARNDT     B    and    MARQUART     L    (in press), ‘ Perspectives on the 
incorporation of whole grain foods into school meals ’,   J Cul Sci and Tech  .  

     SCOTT- THOMAS     C    ( 2011 ), ‘ Wal-Mart pledges to promote healthy foods ’,  Food Navigator . 
Available from:  http://www.foodnavigator- usa.com/Financial-Industry/Walmart- 
pledges-to- promote-healthy- foods/?c=92q9RxsjRfWosUbIrivi5l9juuJwNQjz&utm_
source=newsletter_daily&utm_medium=email&utm_campaign–Newsletter%2BDaily  
(Accessed 11 February 2011).  

     SEAL     CJ    and    BROWNLEE     IA    ( 2010 ), ‘ Whole grains and health, evidence from observational 
and intervention studies ’,   Cereal Chem  ,    87 ( 2 ),  167 – 74 .  

     SLAVIN     JL    ( 2005 ), ‘ Dietary fi ber and body weight ’,   Nutr  ,    21 ( 3 ),  411 – 18 .  
     SLAWTA     J   ,    BENTLEY     J   ,    SMITH     J   ,    KELLY     J    and    SYMAN- DEGLER     L    ( 2008 ), ‘ Promoting 

healthy lifestyles in children: a pilot program of be a fi t kid ’,   Health Promot Pract  ,    9 ( 3 ), 
 305 – 12 .  

     SMITH     AT   ,    KUZNESOF     S   ,    RICHARDSON     DP    and    SEAL     CJ    ( 2003 ), ‘ Behavioural, attitudinal 
and dietary responses to the consumption of wholegrain foods ’,   Proc Nutr Soc  ,    62 ( 2 ), 
 455 – 67 .  

    SNF   ( 2004 ), Health claims in the labelling and marketing of food products. The food 
sector’s code of practice.  

     STURTZEL     B    and    ELMADFA     I    ( 2008 ), ‘ Intervention with dietary fi ber to treat constipation and 
reduce laxative use in residents of nursing homes ’,   Ann Nutr Metab  ,    52 ( 1 ),  54 – 6 .  

    SUPREME SCIENTIFIC HEALTH COUNCIL   ( 1999 ),   Dietary guidelines for adults in Greece  , 
 Athens ,  Ministry of Health and Welfare . Available from:  http://www.mednet.gr/
archives/1999-5/pdf/516.pdf  (Accessed 27 November 2010).  

     SWEITZER     SJ   ,    BRILEY     ME   ,    ROBERTS- GRAY     C   ,  et al.  ( 2010 ), ‘ Lunch is in the bag: increasing 
fruits, vegetables, and whole grains in sack lunches of preschool- aged children ’,   J Am 
Diet Assoc  ,    110 ( 7 ),  1058 – 64 .  

     THANE     CW   ,    JONES     AR   ,    STEPHEN     AM   ,    SEAL     CJ    and    JEBB     SA    ( 2005 ), ‘ Whole- grain intake of 
British young people aged 4-18 years ’,   Br J Nutr  ,   94  ,  825 – 31 .  

     THANE     CW   ,    JONES     AR   ,    STEPHEN     AM   ,    SEAL     CJ    and    JEBB     SA    ( 2007 ), ‘ Comparative whole- grain 
intake of British adults in 1986-7 and 2000-1 ’,   Br J Nutr  ,    97 ( 5 ),  987 – 92 .  

     TOUVIER     M   ,    MÉJEAN     C   ,    KESSE- GUYOT     E   ,  et al.  ( 2010 ), ‘ Variations in compliance with starchy 
food recommendations and consumption of types of starchy foods according to 
sociodemographic and socioeconomic characteristics ’,   Br J Nutr  ,    103 ( 10 ),  1485 – 92 .  

     UJSZASZY     B   ,    BURGESS- CHAMPOUX     TL   ,    REICKS     M   ,    LAZARUS     W    and    MARQUART     L    ( 2004 ), ‘ It’s 
time for whole grain products in school meals ’,   J Child Nutr Manag  ,  2 .  

�� �� �� �� ��



148 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

    UK FOOD STANDARDS AGENCY   (n.d.),   Healthy eating nutrition essentials  ,  Food Standards 
Agency . Available from:  http://www.eatwell.gov.uk/healthydiet/nutritionessentials  
(Accessed 27 November 2010).  

    US CONGRESS   ( 1990 ),   Nutrition Labeling and Education Act  .  Washington, DC :  US 
Government Printing Offi ce .  

    USDA   ( 2009 ),   Access to affordable and nutritious food: measuring and understanding food 
deserts and their consequences  ,  USDA . Available from:  http://www.ers.usda.gov/
Publications/AP/AP036/  (Accessed 10 February 2011).  

    USDA ARS   ( 2010 ),   Nutrient intakes from food: mean amounts consumed per individual by 
gender and age, in the United States, 2007-2008  ,  USDA ARS . Available from:  http://
www.ars.usda.gov/SP2UserFiles/Place/12355000/pdf/0708/Table_1_NIN_GEN_07.
pdf  (Accessed 22 January 2011).  

    USDA FNS   ( 2010 ),   USDA white paper on USDA foods in the National School Lunch 
Program  ,  USDA  FNS. Available from:  http://www.fns.usda.gov/fdd/foods/healthy/
WhitePaper.pdf  (Accessed 19 April 2010).  

    USDA AND USDHHS   ( 2005 ),   Dietary Guidelines for Americans, 2005   ( 6th  Edition), 
 Washington, DC ,  US Government Printing Offi ce . Available from:  http://www.
health.gov/dietaryguidelines/dga2005/document/pdf/DGA2005.pdf  (Accessed 7 May 
2011).  

    USDA AND USDHHS   ( 2010 ),   Dietary Guidelines for Americans, 2010   ( 7th  Edition), 
 Washington, DC ,  US Government Printing Offi ce . Available from:  http://www.cnpp.
usda.gov/Publications/DietaryGuidelines/2010/PolicyDoc/PolicyDoc.pdf  (Accessed 
12 February 2011).  

    USDHHS   ( 2008 ),   Healthy People 2010 progress review: nutrition and overweight  , 
 Washington, DC ,  USDHHS . Available from:  http://www.healthypeople.gov/Data/
2010prog/focus19/2008Focus19.pdf  (Accessed 25 November 2010).  

    USDHHS   ( 2010 ),   Healthy People 2020 summary of objectives: nutrition and weight status  , 
 USDHHS . Available from:  http://www.healthypeople.gov/2020/topicsobjectives2020/
pdfs/NutritionandWeight.pdf  (Accessed 22 January 2011).  

    US FDA CFSAN   ( 2003 ), ‘ Health claim notifi cation for whole grain foods with moderate fat 
content ’, Docket No. 03Q-0547.  

     WALKER     RE   ,    KEANE     CR    and    BURKE     JG    ( 2010 ), ‘ Disparities and access to healthy food in the 
United States: a review of food deserts literature ’,   Health Place  ,    16 ( 5 ),  876 – 84 .  

     WARBER     JP   ,    HADDAD     EH   ,    HODGKIN     GE    and    LEE     JW    ( 1996 ), ‘ Foodservice specialists 
exhibit lack of knowledge in identifying whole- grain products ’,   J Am Diet Assoc  ,    96 ( 8 ), 
 796 – 8 .  

    WHITE HOUSE TASK FORCE ON CHILDHOOD OBESITY   ( 2010 ),   Solving the problem of childhood 
obesity within a generation  . Available from:  http://www.letsmove.gov/white- house-
task- force-childhood- obesity-report- president  (Accessed 10 May 2011).  

    WHOLE GRAINS COUNCIL   ( 2006 ),   The whole grain stamp  , Whole Grains Council. Available 
from:  http://wholegrainscouncil.org/whole-grain-stamp  (Accessed 30 July 2007).  

   WHOLE GRAINS COUNCIL  ( 2007 ),   A consumer defi nition of whole grains  , Whole 
Grains Council. Available from:  http://wholegrainscouncil.org/whole-grains-101/
defi nition-of-whole-grains  (Accessed 30 July 2007).  

   WHOLE GRAINS COUNCIL  ( 2008 ),   Whole grain statistics  , Whole Grains Council. Available 
from:  http://www.wholegrainscouncil.org/newsroom/whole- grain-statistics  (Accessed 
19 May 2008).  

   WHOLE GRAINS COUNCIL  ( 2009a ), ‘ Are we there yet? Measuring progress on making at least 
half our grains whole ’,  Make Half Your Grains Whole Conference ,  Alexandria, VA . 
Available from:  http://www.wholegrainscouncil.org/fi les/3.AreWeThereYet.pdf  
(Accessed 25 November 2010).  

   WHOLE GRAINS COUNCIL  ( 2009b ), ‘ Schools and whole grains ’,  Make Half Your Grains 
Whole Conference ,  Alexandria, VA . Available from:  http://www.wholegrainscouncil.
org/fi les/5.Schools+WG.pdf  (Accessed 25 November 2010).  

�� �� �� �� ��



Consumption and consumer challenges of wholegrain foods 149

© Woodhead Publishing Limited, 2013

   WHOLE GRAINS COUNCIL  ( 2010a ),   Barriers to whole grains in schools  , Whole Grains 
Council. Available from:  http://www.wholegrainscouncil.org/resources/barriers- to-
whole- grains-in- schools  (Accessed 10 April 2011).  

   WHOLE GRAINS COUNCIL  ( 2010b ),   Eating away from home  , Whole Grains Council. Available 
from:  http://www.wholegrainscouncil.org/fi nd- whole-grains/eating- away-from-home  
(Accessed 10 May 2011).  

     ZANOVEC     M   ,    O’NEIL     CE   ,    CHO     SS   ,    KLEINMAN     RE    and    NICKLAS     TA    ( 2010 ), ‘ Relationship 
between whole grain and fi ber consumption and body weight measures among 6- to 
18-year- olds ’,   J Pediatr  ,    157 ( 4 ),  578 – 83 .  

     ZICK     CD    and    STEVENS     RB    ( 2009 ), ‘ Trends in Americans’ food- related time use: 1975-2006 ’, 
  Public Health Nutr  ,    13 ( 7 ),  1064 – 72 .        

�� �� �� �� ��



�� �� �� �� ��



© Woodhead Publishing Limited, 2013

    7 

 Improving the content and composition 
of dietary fi bre in wheat  
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   DOI:  10.1533/9780857095787.2.153 

  Abstract:  The major dietary fi bre (DF) components in wheat grain are the cell wall 
polysaccharides arabinoxylan (AX) and (1→3,1→4)- β - D -glucans ( β -glucan). Extensive 
variation exists between wheat genotypes in the amounts and structures of AX in bran 
and fl our and in the amount of total  β -glucan in wholemeal. A high proportion of this 
variation is heritable and chromosomal regions that determine the amount and properties 
of AX are being identifi ed by genetic analyses. The variation in DF can be exploited by 
plant breeders, facilitated by the development of molecular markers, near infrared 
calibrations and antibody- based kits.  

   Key words:    wheat, dietary fi bre, arabinoxylan,  β -glucan, genetic variation.   

    7.1  Introduction 
 Wheat is the most important staple food in temperate zones, including the UK and 
North America. It contributes calories (mainly from starch), protein, minerals and 
vitamins to the diet. It is also a major source of dietary fi bre (DF), which mainly 
comprises non- starch polysaccharides (NSP) derived from the cell walls. For 
example, in the UK the NSP from wheat contributes about 20% of the total daily 
intake of DF (Steer  et al . 2008). 

 A recent study reported that NSP accounted for between 7.7% and 11.4% of the 
grain dry weight (average 9.5% dry weight), based on analyses of 26 lines grown 
in six environments. The total DF content of the same material, including lignin, 
was 9.6–14.4% (average 11.7%) (Gebruers  et al . 2010a). 

 Wheat grain comprises several tissues which are partially separated by milling 
( Fig. 7.1 ).The major storage tissue of the grain is the endosperm, accounting for 
about 90% of the grain dry weight (Barron  et al . 2007).This comprises two tissues: 
the starchy endosperm, which accounts for about 83–84% and forms the white 
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fl our on milling, and a single layer of thick walled outer cells, the aleurone, which 
accounts for about 6.5% and is recovered in the bran fraction on milling. The bran 
fraction also contains the outer layers of the grain (pericarp, hyaline layer and 
testa; about 7–8% dry weight). Finally, the embryo (germ) is about 3% of the dry 
weight and is also recovered in the bran on milling. 

    7.2  Fibre content and composition of wheat fractions 
 The different organs and milling fractions of wheat differ widely in their content 
and composition of DF, and hence the dietary intake will vary depending on the 
fractions that are consumed. 

   7.2.1  White fl our (starchy endosperm cells) 
 The cell walls of the wheat starchy endosperm (i.e. white fl our) account for 
about 2–3% of the dry weight and consist of two major components, arabinoxylan 
(AX) and (1→3,1→4)- β - D -glucan ( β -glucan), with small amounts of cellulose 
((1→4)- β - D -glucan) and glucomannan. The classic and widely quoted study of 
Mares and Stone (1973) reported that these four types of polysaccharide accounted 
for about 70%, 20%, 2% and 7%, respectively, of wheat starchy endosperm cell 
walls. AX is also often divided into two tractions, depending on whether it is 
extractable (WE-AX) or unextractable (WU-AX) with water. These tractions may 
differ in their health benefi ts (as discussed elsewhere in this volume). 

 AX comprises a backbone of  β - D -xylopyranosyl residues linked through 
(1→4) glycosidic linkages, with some residues being substituted with  α - L -
arabinofuranosyl residues at either position 3 or positions 2 and 3. Substitution at 

   Fig. 7.1     Structure of the mature wheat grain showing the major tissues.    
 Reproduced with permission from Surget and Barron (2005).  
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position 2 only has also been reported, but occurs rarely (Stone and Morell 2009). 
Some arabinofuranosyl residues at position 3 of the xylan residues may themselves 
be substituted with ferulic acid at the 5 position ( Fig. 7.2 ). This substitution 
with ferulic acid allows the formation of cross- links by oxidation of ferulate 
present on adjacent AX chains to give dehydrodimers (diferulates). The extent 
of AX cross- linking is important as it affects the physio- chemical properties 
(notably solubility and viscosity) of AX, and hence its behaviour in food 
processing, and the health benefi ts. Starchy endosperm AX contain only low 
levels of ferulic acid, which has been estimated to account for 0.2–0.4% (w/w) of 
WE-AX and 0.6–0.9% (w/w) of WU-AX of wheat fl our (Bonnin  et al . 1998). 

  β -glucan has a simpler structure than AX, comprising only glucose residues 
joined by (1→3) and (1→4) linkages ( Fig. 7.3 (a)). Single (1→3) linkages are 
usually separated by two or three (1→4) linkages, resulting in the release of 

   Fig. 7.2     Structure of arabinoxylan showing major substituents identifi ed in fractions from 
fl our, aleurone and pericarp. Reproduced from Stone and Morell (2009) with permission.     

   Fig. 7.3     (a) Structure of a (1→3, 1→4)- β - D -glucan molecule. (b) Distribution of 1→3 and 
1→4 linkages in a (1→3, 1→4)- β - D -glucan molecule, showing sites of cleavage by lichenase 
((1→3, 1→4)- β - D -glucan endohydrolase) to release glucans of three, four and more units.    

 Reproduced from Stone and Morell (2009) with permission.  
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trisaccharide (G3) and tetrasaccharide (G4) units on digestion with a specifi c 
lichenase ((1→3, 1→4) endohydrolase) enzyme ( Fig. 7.3 (b)). However, longer 
stretches of (1→4)  β - D -glucan linked glucan of up to 14 units have been reported 
for wheat bran  β -glucan (Li  et al . 2006). Such regions are sometimes referred to 
as ‘cellulose- like’, as cellulose is (1→4)- β - D -glucan without any (1→3) linkages.  

   7.2.2  Aleurone cells 
 The aleurone cells have thick cell walls and cell wall sugars account for about 
35–40% of the dry weight (Barron  et al . 2007). The cell wall composition is 
similar to that of the starchy endosperm cell walls, with 29%  β -glucan, 65% 
arabinoxylan and only 2% each of cellulose and glucomannan (Bacic and Stone 
1981). However, the ratio of arabinose to xylose is lower than that of starchy 
endosperm AX: 0.41 and 0.47 for two cultivars compared with 0.81 and 0.87, 
respectively (Barron  et al . 2007). The aleurone AX are also highly esterifi ed 
and cross- linked, with about 3.2% of the AX dry weight being ferulic acid and 
0.45% being diferulic acid (Antoine  et al . 2003; Parker  et al . 2005). Additional 
esterifi cation with  p -coumaric acid and acetyl groups also occurs (Rhodes  et al . 
2002; Antoine  et al . 2004).  

   7.2.3  Outer layers of the grain 
 The outer layers of the mature wheat grain comprise about 45–50% cell wall 
material (Barron  et al . 2007). The major tissue is the pericarp, which is more 
similar in cell wall composition to wheat straw than to the seed tissues: about 
30% cellulose, 60% arabinoxylan and 12% lignin (reviewed by Stone and 
Morell 2009). 

 The pericarp AX also has a more complex and highly branched structure than 
the endosperm AX, with galactose and glucuronic acid residues, and is hence 
often termed glucuronoarabinoxylan (GAX). It also has high contents of ferulic 
acid and diferulic acid (Saulnier and Thibault 1999; Antoine  et al . 2003; Parker 
 et al.  2005) and acetylation (Mandalari  et al . 2005) and signifi cant amounts of 
ferulic acid trimer (Barron  et al . 2007).  

   7.2.4  Embryo (germ) 
 Little information is available on the content and composition of fi bre in wheat 
germ, although commercial wheat germ fractions have been analysed in detail for 
many other components. Also, because the germ is diffi cult to separate from bran 
contamination, except by painstaking hand dissection, those values which have 
been published vary widely. The recent study of Barron  et al . (2007) probably 
provides the most reliable data, based on neutral sugar analysis of hydrolysates. 
The scutellum (cotyledon) and embryonic axis contained about 12% and 25% of 
neutral carbohydrate, respectively, with arabinose and xylose (presumably derived 
from AX) accounting for about 65% of the total. Other sugars released were 
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glucose (presumably from  β -glucan), galactose and, for the embryonic axis only, 
mannose (possibly from mannans or glucomannans).   

   7.3   Genetic variation in arabinoxylan (AX) amount, 
structure and composition 

   7.3.1  Variation in amount and composition 
 A number of studies have reported the contents of  β -glucan and AX fractions in 
wheat, analysing collections of lines, lines grown on different sites, and lines 
grown with different levels of nitrogen fertiliser and irrigation. The results of 
some of these studies are summarised in  Table 7.1 . Despite the analyses having 
been carried out in different laboratories with different methods over a period of 
20 years, there is remarkably good agreement between the mean contents of 
 β -glucan and AX that have been reported. 

 The content of  β -glucan in wholegrain varies from about 0.5 to 1.1% dry 
weight, with the content in the endosperm being about half of this. Total 
arabinoxylan (TOT-AX) generally accounts for about 6% of the whole grain, with 
only a tenth of this being water- extractable. The content of total AX is much 
higher in bran fractions, 17–18% dry weight, but WE-AX is only about 0.4% (i.e. 
about 2% of the TOT-AX in this fraction). By contrast, the content of TOT-AX in 
fl our is lower (about 2% dry weight) but the water- extractable fraction accounts 
for about 25% of the total. However, there is also signifi cant variation in the 
contents of  β -glucan and AX between genotypes and environments. For example, 
Ordaz-Ortiz  et al . (2005) reported that the contents of WE-AX in 20 wheat 
varieties varied from 0.26 to 0.75% dry weight (mean 0.51%) and of WU-AX 
from 0.88 to 1.52% dry weight (mean 1.15%). 

 A more extensive study of 151 wheat lines (131 winter type and 20 spring type) 
grown on a single site in Hungary showed substantial variation in the contents of 
WE-AX and TOT-AX in both fl our and bran fractions and in the content of 
 β -glucan in wholemeal (see  Table 7.1 ).The data for the AX fractions are shown 
graphically in  Fig. 7.4 . Particularly noteworthy is the variation in the WE-AX 
content of fl our, with one line (the Chinese breadmaking wheat Yumai 34) having 
about 1.4% dry weight of WE-AX compared with between 0.3% and 0.9% dry 
weight in the other 150 lines. 

 A more recent study reported by Gebruers  et al . (2010b) compared 26 wheat 
lines, of which 23 had been grown for three years on the same site in Hungary 
and for the third year on three additional sites (in the UK, France and Poland), 
and three had been grown on the same four sites except for year 1. This 
showed substantial variation in the contents of AX (in the fl our and bran) 
and  β -glucan (in wholemeal) in the grain from the different years and sites, as 
well as variation between genotypes ( Fig. 7.5 ).The content of WE-AX in fl our 
was particularly variable, with high contents in the samples grown in the UK 
in 2007 (Gebruers  et al . 2010b). Nevertheless, the amount was highly heritable 
(see below). 
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    7.3.2  Variation in AX structure 
 Wheat AX is a complex mixture of polymers which may vary signifi cantly in their 
structure, including the extent of substitution of the xylan backbone with arabinose 
and the substitution of monosubstituted arabinose with ferulic acid. 

 A frequently used measure of diversity in AX structure is the ratio of arabinose 
to xylose residues on hydrolysis (A:X ratio). The HEALTHGRAIN study reported 
by Gebruers  et al . (2008) and Ward  et al . (2008) showed signifi cant variation in 
this ratio in fl our and bran samples from 150 wheat lines grown on a single site, 
from 0.39 to 0.57 for fl our WE-AX, from 0.49 to 0.71 for fl our TOT-AX, from 
0.71 to 1.63 for bran WE-AX and from 0.53 to 0.71 for bran TOT-AX (Fig. 7.4). 
Similarly, Saulnier  et al . (2007) reported that the A:X ratio of WE-AX varied from 
0.39 to 0.57 in a population of 90 lines from the cross W7984 (synthetic) x Oparta. 

 These differences imply the existence of variation in the ratio of xylose residues 
with arabinose at the 3 position (monosubstituted) and with arabinose at the 2 and 
3 positions (disubstituted), which is sometimes also called the ‘branching ratio’. 

 Further information on the fi ne structure of AX can be provided by a number 
of spectroscopic and biochemical approaches, with the most accessible of these 
being enzyme fi ngerprinting. This method is based on the digestion of the AX 

   Fig. 7.4     Contents of arabinoxylan (AX) fi bre in fl our and bran of 150 wheat cultivars 
grown on a single site as part of the EU FP6 HEALTHGRAIN project.    

 (a) Total AX in fl our; (b) water- extractable AX in fl our; (c) total AX in bran; (d) water- 
extractable AX in bran. Taken from Shewry  et al . (2010b) and based on data reported by 

Gebruers  et al . (2008).  
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with a specifi c endoxylanase enzyme followed by separation of the released AX 
oligosaccharides (AXOS) by High Performance Liquid Chromatography (HPLC) 
(Ordaz-Ortiz  et al . 2005) or gel electrophoresis (Goubet  et al . 2002). The 
individual AXOS fragments can be further analysed to determine their structures 
while the patterns of AXOS released from different lines can be used as fi ngerprints 
to determine the range of structural diversity. 

 Saulnier and colleagues have applied this approach in a range of studies, 
including the wheat lines grown in Hungary in 2007 as part of the HEALTHGRAIN 
project and 128 lines from the cross Valoris x Isengrain (discussed below). 
Principal component analysis of the AXOS fi ngerprints showed that the major 
separation in PC1, accounting for 78.6% and 66.7% of the variation, respectively, 
in the two populations, related to differences in the proportions of monosubstituted 
and disubstituted xylose residues (see Shewry  et al . 2010b).   

   Fig. 7.5     Contents of dietary fi bre components in the 26 wheat lines from six site × year 
combinations. Vertical axis = % dry weight, Horizontal axis = cultivar number.    

 Samples are coloured by year of growth (light grey circles – 2005, open circles – 2006, 
dark grey circles – 2007). (a) Bran TOT-AX; (b) bran WE-AX; (c) fl our TOT-AX; (d) fl our 
WE-AX; (e) wholemeal  β -glucan. Units are % dry weight. Taken from Shewry  et al . 

(2010a), based on data reported by Gebruers  et al . (2010b).  �� �� �� �� ��
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   7.4   Specifi c effects of agronomy and environment 
on arabinoxylan (AX) and  β -glucan content 
and composition 

 A number of studies have shown that the agronomic conditions and climate can 
substantially affect the content and composition of AX and  β -glucan. A limited 
number of studies have also related these effects to specifi c conditions (temperature, 
water availability and nitrogen nutrition). 

 The best documented effect is that of pre- harvest sprouting (PHS), due to wet 
conditions during the later stages of grain development and harvesting. PHS is 
premature germination and associated with the production of hydrolytic enzymes, 
including endoxylanases. This effect has been reported by Dornez  et al . (2008a), 
who determined the levels of AX, endoxylanase activity and endoxylanase 
inhibitors in grain of 14 cultivars grown over three years (2002, 2003, 2004). 
They reported that 2002 was an exceptionally wet summer and that the grain had 
high levels of WE-AX and endoxylanase activity. By contrast, no signifi cant 
variation in the content of TOT-AX was found. 

 A similar association between high endoxylanase activity and high content 
of WE-AX was reported by Gebruers  et al . (2010a, b) for 26 wheat lines 
grown in the UK in 2007, another wet summer. In this study, the availability of 
meteorological data allowed correlations to be calculated, based on analyses 
of six sets of samples (grown in Hungary in 2005, 2006 and 2007 and in 
France, Poland and the UK in 2007 only). This showed strong negative 
correlations of both bran WE-AX and fl our WE-AX with the average daily 
temperature and positive correlations with the total precipitation, both measured 
during the period between heading and harvest. However, no signifi cant 
correlations between TOT-AX or wholemeal  β -glucan and weather conditions 
were found ( Table 7.2 ). 

 By contrast, Coles  et al . (1997) compared grain from irrigated and non- irrigated 
plots of wheat cv Batten and showed a positive relationship between TOT-AX 

    Table 7.2     Correlations between the contents of DF in 26 wheat lines grown in six 
environments and the total precipitation and average temperature between heading 
and harvest  

 Average temperature  Precipitation heading to harvest 

  R    p value    R    p value  

 Bran TOT-AX  0.060  0.911  0.138  0.795 
 Bran WE-AX   −0.889    0.018    0.737   0.095 
 Flour TOT-AX  −0.516  0.295  0.259  0.620 
 Flour WE-AX   −0.868    0.025    0.692   0.128 
 Wholemeal  β -glucan  0.306  0.555  −0.684  0.134 

   Taken from Shewry  et al . (2010b) with permission. Based on DF data reported by Gebruers  et al . 
(2010b).    
Notes: numbers in bold are statistically signifi cant.     
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content and drought, while Güler (2003) reported that the total  β -glucan content 
also increased under drought conditions. 

 The effect of N fertilisation on grain fi bre content is less clear. Güler (2003) 
reported a positive effect of N on grain  β -glucan in one year only out of a three- 
year study of three cultivars, while Dornez  et al . (2008b) reported no effect on AX 
content in a three- year study of two cultivars. Coles  et al . (1997) also showed that 
N fertilisation had no effect on the proportion of AX, with the total content per 
grain (but not the proportion) increasing with grain weight when late N fertilisation 
was combined with irrigation. 

 It is clear, therefore, that the major impact of environmental factors on dietary 
fi bre content is that of endoxylanase on the proportion of WE-AX, due to the 
initiation of premature germination under wet climatic conditions.  

   7.5   Heritability and genetic analysis of arabinoxylan (AX) 
and  β -glucan content 

   7.5.1  Heritability 
 The availability of compositional data for wheat lines grown under different 
environmental and agronomic conditions allows the variation to be partitioned 
between the effects of environment and genotype. 

 Hong  et al . (1989) analysed wholemeals from 18 wheat lines (seven hard red 
winter, seven hard white winter and four club wheats) grown on two sites in 
Washington State, USA, and calculated that the genotypic variance was 1.6 times 
the environmental variance for water- soluble pentosans (i.e. WE-AX) and 2.4 
times for total pentosans (i.e. TOT-AX). 

 Martinant  et al . (1999) compared 19 cultivars grown at three locations in 
France and calculated the broad sense heritability (genotypic variance/phenotypic 
variance) as 0.75 for WE-AX of fl our and 0.80 for the viscosity (which is largely 
determined by WE-AX) of fl our water extracts. Dornez  et al . (2008a) similarly 
analysed 14 cultivars grown in Belgium for three years and calculated broad sense 
heritabilities of 0.53 for TOT-AX and 0.96 for WE-AX, both in wholemeal. 
Similar studies of wholemeal samples of fi ve durum wheat cultivars grown under 
four agronomic regimes gave genotype/environment ratios of 4.5 for TOT-AX 
and 4.9 for WE-AX (Lempereur  et al . 1997). 

 Similarly high heritabilities of WE-AX and TOT-AX in fl our were reported by 
Finnie  et al . (2006), who analysed seven spring wheat lines grown in 10 
environments and 20 winter wheat lines grown in 12 environments. 

 The analyses reported by Gebruers  et al . (2010b) are typical of most studies 
and are summarised in  Fig. 7.6  (taken from Shewry  et al . 2010a).These show that 
the AX content of fl our is highly heritable, with genotype accounting for about 
60% of the variation in WE-AX and 70% of the variation in TOT-AX. Wholemeal 
 β -glucan and bran WE-AX also show about 50% heritability. Thus, WE-AX in 
fl our is a particularly attractive target for selection in plant breeding programmes. 
This study, and several others discussed above, also showed some interaction 
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between the genotype and environment, but this aspect has not been explored in 
detail. 

 However, a note of caution must be introduced based on the study of Li  et al . 
(2009). They analysed wholemeals of 25 hard winter wheats and 25 hard spring 
wheats, with the two sets each being grown at three locations (although the 
locations differed for the two sets). They showed that environment had a much 
greater effect than genotype on WE-AX and TOT-AX in the winter lines, by more 
than an order of magnitude. Environment also had a greater impact than genotype 
on WE-AX in spring wheats, but had no signifi cant effect on TOT-AX in these 
lines. The authors concluded that the relative effects of genotype and environment 
depended on the genotypes and environments which were sampled.  

   7.5.2  Genetic analysis 
 Martinant  et al.  (1998) used two mapping populations; 91 doubled haploid (DH) 
lines from the cross Courtot x Chinese Spring and 115 F 7  single seed descent lines 
from the cross W7984 (synthetic) x Oparta. They measured WE-AX, extract 
viscosity (which is largely determined by WE-AX) and the ratio of arabinose:xylose 
in WE-AX. A major quantitative trait locus (QTL) for all three traits was identifi ed 
on chromosome 1B, which explained 32–37% of the variation in extract viscosity 
and 35–42% of the variation in the A:X ratio. 

 Further studies of fi ve additional crosses were reported by Quraishi  et al . 
(2010). These were populations of 187 recombinant inbred lines (RILs) from the 
cross Courtot x Chinese Spring (Perretant  et al . 2000), 241 DH lines from the 
cross Arche x Recital (Laperche  et al . 2007), 194 RILs from the cross Renan x 
Recital (Quraishi  et al . 2009), 124 DH lines from Valoris x Isengrain and 280 lines 
from RE006 x CF007 (Charmet  et al . 2009), with the latter two populations being 
constructed between parents with contrasting levels of WE-AX viscosity. Several 
of these crosses had been characterised for AX viscosity in previous studies and 

   Fig. 7.6     Variance components of dietary fi bre (AX and  β -glucan) components of wheat 
grain. Taken from Shewry  et al . (2010a) and based on data reported by Gebruers  et al . (2010b).     
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these data were therefore collated with new analyses to identify ‘meta-QTL’. In 
this way the 12 QTL identifi ed in the fi ve populations were reduced to three meta-
QTL for WE-AX viscosity located on chromosomes 1B, 3D and 6B.The 1B QTL 
corresponded to that identifi ed by Martinant  et al . (1998), while Charmet  et al . 
(2009) reported that the QTL on 6B accounted for up to 59% of the variation in 
WE-AX viscosity in the Valoris x Isengrain and RE006 x CF007 populations. 

 Quraishi  et al . (2010) complemented their meta-QTL analysis with association 
genetic analysis of the HEALTHGRAIN diversity collection of 156 wheat lines 
(131 winter and 20 spring bread wheats and fi ve  Triticum spelta  lines grown in 
Hungary in 2005) (Ward  et al . 2008). This identifi ed seven loci involved in 
WE-AX viscosity: three co- located with the meta-QTL located on chromosomes 
1B, 3D and 6B with four additional loci on chromosomes 3A, 5B, 7A and 7B. 

 The most signifi cant locus identifi ed by both these approaches was that on 
chromosome 1B, and Quraishi and co- workers (2010) have shown that this region 
of the chromosome contains four genes which may contribute to the trait. They have 
established molecular markers which are linked to the loci determining WE-AX 
viscosity and hence may be appropriate for use in plant breeding programmes.   

   7.6   Exploitation of genetic variation in grain dietary 
fi bre in plant breeding 

 It is clear from the studies discussed above that extensive variation exists in the 
amount, properties and structure of AX in different wheat lines and samples, and 
that a substantial proportion of this variation is genetically controlled. It should 
therefore be feasible for plant breeders to select for increased, or decreased, 
contents of TOT-AX and/or WE-AX in their programmes. However, to do this it 
is necessary to establish screening methods which are robust but also suffi ciently 
cheap and simple to be applied to large numbers of samples in breeding 
programmes. The viscosity of water extracts has been used as a measure of 
WE-AX in genetic studies, but viscosity may also be affected by other grain 
components (notably  β -glucan) and no comparably simple methods are available 
for TOT-AX. Work is therefore in progress in several laboratories to develop rapid 
methods to quantify TOT-AX and determine specifi c structural characteristics, 
focusing on three approaches. 

 Near infrared (NIR) spectroscopy is widely used in plant breeding programmes, 
including the determination of moisture, protein, hardness (particle size index), 
colour, fl our yield and fl our water absorption on whole grain and milled samples 
of wheat (Osborne, 2006). Salgó  et al . (2009) have developed NIR calibrations 
for TOT-AX, using the grain samples (wheat and other cereals) analysed for fi bre 
components in the HEALTHGRAIN programme (Gebruers  et al . 2008, 2010b; 
Ward  et al . 2008; Shewry  et al . 2010a) and based on analysing wholegrain, 
wholemeal, bran and white fl our fractions. Using the data for wheat samples only, 
the correlation coeffi cients ( R  2 ) between the predicted and determined values for 
TOT-AX were 0.7883 in bran and 0.5701 in fl our, but these increased to 0.9354 
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and 0.8569, respectively, when the non- wheat samples were included in the 
datasets. These calibrations provide a good basis for the development of 
NIR systems which are appropriate for use in commercial plant breeding 
programmes. 

 The second promising approach is the development of antibodies which are 
specifi c for TOT-AX and for structural features of AX (such as diferulate 
cross- links). Toole  et al . (2009) have discussed progress in the development 
of antibodies to AX and their use as probes in the spatial mapping of cell 
wall components in cereal grain. The challenge is to incorporate such antibodies 
into kit formats which enable them to be used in high throughput automated 
analyses. 

 Finally, the identifi cation of QTL and candidate genes for AX synthesis is 
allowing the development of molecular markers (Charmet  et al . 2009; Quraishi 
 et al . 2010) which could be exploited in marker- assisted selection (MAS).The 
latter is perhaps the most promising, as MAS is being increasingly used to select 
for traits that are not readily selected at the phenotypic level in breeding 
programmes for wheat and other crops (Koebner and Summers 2003; Collard and 
Mackill 2008).  

   7.7  Conclusion 
 There is wide variation in the amount and composition of dietary fi bre components 
between commercial wheat lines, particularly AX in white fl our. Furthermore, a 
high proportion of the variation in amount is heritable; about 70% of the total 
variation for TOT-AX in white fl our, 60% of the variation in WE-AX in white 
fl our and about 50% of the variation in TOT-AX and WE-AX in bran. Genetic 
studies are leading to the identifi cation of chromosomal regions and genes that 
determine this variation, which will facilitate the development of molecular 
markers to allow plant breeders to select for AX amount and composition in their 
breeding programmes. These markers will be complemented by other screening 
tools, with NIR calibrations allowing selection for total amount and antibody- 
based kits allowing identifi cation of specifi c structural features. This should lead 
to the development of a new generation of wheat cultivars in which improved 
health benefi ts are combined with high yields, good agronomic properties and 
good quality for traditional end uses.  
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  Abstract:  This chapter reviews the technologies for production and use of wheat, rye, 
oat, barley and rice bran. These important ingredients increase the grain fi bre content of 
cereal- based foods in particular. Wheat bran, a co- product of milling wheat into fl our, is a 
commodity with a long history of use as an ingredient. Even though the commercial use 
pattern of oats, rye and barley is different from that of wheat in the sense that they are 
more often consumed as wholegrain products, their brans, as well as rice bran, are also 
commercially available as milling side streams. All brans have their specifi c composition, 
functional properties and fl avour, and, in addition to providing fi bre, assist in diversifying 
the grain based product portfolio.  

   Key words:    wheat, rye, oats, barley, rice, bran, fi bre, ingredient, milling.   

    8.1  Introduction 
 From a quantitative point of view, wheat, rice, maize, rye, oats, barley, sorghum 
and various millets are the most important cereal grains and have a variety of food 
uses. Cereal products are an essential part of the diet for the majority of the world’s 
population, providing 30–60% of daily energy worldwide. At the same time, they 
are an important source of all major nutrients. For example, in Finland around 
48% of carbohydrate, 3% of lipid and 20% of protein intake is through 
cereal products (Pietinen  et al. , 2010). Cereal products are also a major source of 
dietary minerals and vitamins, especially B vitamins. However, cereal processing 
typically involves refi ning steps so that in the majority of commercial food 
products the outer parts of the grains, and concomitantly a large part of dietary 
fi bre, minerals, vitamins and phytochemicals, are removed. Thus, the majority of 
breads and other cereal foods have lower density of these nutrients than the 
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original grain raw material. It has been estimated that in 2005 around 90% of the 
intake of cereal foods in the USA was based on refi ned products (Wells and Buzby, 
2008). Processing also has a large impact on cereal food structure, which is 
important for food digestibility and nutrient absorption. 

 Recent epidemiological studies show an increasing body of evidence for a 
protective role of wholegrain foods and grain fi bre against chronic diseases, such 
as type 2 diabetes (de Munter  et al. , 2007) and cardiovascular disease (Jensen 
 et al. , 2004; Mellen  et al. , 2007). This has raised awareness of the importance of 
cereal food quality in health maintenance. The importance of dietary fi bre as a 
health protective component has long been recognised. It is concentrated in the 
outer layers of the grains, which also contain phytochemicals, vitamins and 
minerals. Evidently, a high proportion of the potentially bioactive components are 
present in bran, making it an excellent source for nutritional enrichment of refi ned 
foods. It is hence an important dietary strategy to change the consumption of 
cereal products from refi ned to healthier products. Here, new tools are needed to 
increase the use of products enriched with wholegrain, bran or germ.  

   8.2  Cereal cell walls as dietary fi bre 
 The non- starch polysaccharides building up the cell walls of cereal grains are one 
of the most important dietary fi bre sources in the human diet. The main dietary 
fi bre components are similar in all major cereals, consisting of cellulose, 
arabinoxylan (AX), (1→3)(1→4) mixed linked  β - D -glucans and lignin. The 
proportions of these components vary between different cereals and grain layers. 
Outer pericarp layers of grains are enriched with cellulose, AX and lignin, whereas 
aleurone and endosperm cell walls contain mainly AX and  β -glucans (Fincher and 
Stone, 1986; Mandalari  et al. , 2005; Schwarz  et al. , 1988). Rye and wheat also 
contain fructan, which contributes to the dietary fi bre content in these grains 
(Karppinen  et al. , 2003; Haskå  et al. , 2008). 

 The composition of cereal cell walls, in relation to their suggested health 
relevance, was recently reviewed by Collins  et al.  (2010). The insoluble nature of 
the cereal fi bre complex has been suggested to be a reason for its protective role 
against type 2 diabetes (Weickert and Pfeiffer, 2008). Antioxidative properties in 
the gastrointestinal tract (Vitaglione  et al. , 2008; Saura-Calixto, 2011) and 
bifi dogenic properties (Neyrinck  et al. , 2011) have been suggested as some of the 
mechanisms important for the health effects of cereal fi bre. 

 Oat and barley bran are well- known sources of  β -glucan. The health effects of 
viscous  β -glucan dietary fi bre are well documented with respect to both 
cholesterol- lowering properties (Wood, 2007; Othman  et al. , 2011) and attenuation 
of glycaemic and insulin responses (Butt  et al. , 2008; Kim  et al. , 2009; Panahi 
 et al. , 2007; Wood  et al. , 2000). Especially with respect to the latter, retaining the 
highly viscous character of  β -glucan in food systems is important. Health claims 
referring to the reduction of cholesterol levels can be connected to oat bran both 
in the USA (FDA, 1997; 2003) and in the EU (EFSA, 2009). 
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 AX, the major constituent of the wheat, rye and rice bran fi bre complex, has 
recently gained much interest as dietary fi bre, as reviewed by Bach Knudsen and 
Laerke (2010), Broekaert  et al.  (2011) and Saeed  et al.  (2011). AXs are 
heteropolysaccharides consisting of a backbone of  β -1,4-linked  D -xylopyranoside 
units, the major substituents of which are  L -arabinofuranose residues, attached by 
 α -1,2 and/or  α -1,3-glycosidic linkages. Hydroxycinnamic acids, mainly ferulic 
acid, but also dehydrodiferulic,  p -coumaric and sinapic acids, may be linked to 
the C-( O )-5 position of some terminal arabinose units. The heterogeneous 
structure of the polysaccharide, in terms of contents of unsubstituted, mono- and 
disubsituted xylopyranose units, as well as in terms of molecular weight 
distribution and water extractability, makes AX a blend of materials with a range 
of physiological responses. AX and AX-oligosaccharides have recently been 
studied for their prebiotic and bifi dogenic properties (Broekaert  et al. , 2011; 
Neyrinck  et al. , 2011). 

 In some studies, the cholesterol lowering effect of full- fat rice bran has been 
shown to be almost equal to that of oat bran (Gerhardt and Gallo, 1998). According 
to Most  et al.  (2005), defatted rice bran does not lower the plasma lipid 
concentrations. However, rice bran oil can lower the serum cholesterol levels in 
healthy, moderately hypercholesterolaemic adults (Cicero and Derosa, 2005). 

 In addition to dietary fi bre, brans contain different types of small molecular 
weight components with known and potential nutritional signifi cance, such as 
vitamins, minerals and various phenolic compounds. They will be introduced 
below for each bran.  

   8.3  Cereal bran production technology 
 The term ‘cereal bran’ is relatively vague and refers to various types of milling 
products comprising outer layers of kernels enriched with dietary fi bre. Typically, 
cereal bran products contain cellulose- and lignin- rich outer pericarp layers of 
grain, aleurone and subaleurone layers rich in hemicelluloses, and cell wall 
material from the endosperm part of the grain. Often, the germ of the grain is 
recovered with the bran fraction. Rye and oat brans typically contain a much 
larger proportion of subaleurone and endosperm tissues than wheat bran ( Fig. 8.1 ). 

 The bran fraction is traditionally collected as a leftover from the production of 
fl our (Delcour and Hoseney, 2010). However, with increased knowledge of the 
nutritional importance of dietary fi bre, there has been an increasing interest in 
producing high quality bran fractions as a primary product, or isolating and further 
functionalising specifi c bran components, such as  β -glucan- rich cell walls from 
oats and barley (Lehtinen  et al. , 2009; Morgan, 1998; Redmond and Fielder, 
2004; Sibakov  et al. , 2011; Wu and Doehlert, 2002), phytochemical- rich aleurone 
layers of wheat (Harris  et al. , 2005; Hemery  et al. , 2007) and AX-oligosaccharides 
(Broekaert  et al. , 2011), into value added products. 

 Prior to the separation of grain into bran and endosperm fractions, grains can 
be pre- treated to modify their mechanical properties (tissue dissociation and 
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fragmentation) or to infl uence the tissue composition. Pre- treatment techniques 
include grain moistening, changing grain temperature, and ultra- violet radiation. 
The actual fractionation process is generally performed in several 
steps, including fragmentation steps in which bran tissues are disintegrated and 
dissociated by grinding and separation. 

 Debranning, degerming, peeling or pearling can be used before milling to 
remove the outer pericarp layers and/or the embryo to improve the quality of end 
products. Wholegrain cereals contain not only nutritionally valuable compounds, 
but also detrimental microorganisms, heavy metals, sand and pesticide residues. 
However, the contamination is not uniformly distributed in the grain. For example, 
Fleurat-Lessard  et al.  (2007) showed that about 80% of pesticide residues are 
present in the outer layers of wheat grain. The outer pericarp usually contains 
most of the contaminating bacteria and moulds. According to Laca  et al.  (2006), 
87% of the total microbial contamination is eliminated by removing only 4% of 
the total grain weight using debranning. 

   Fig. 8.1     Micrographs of (a) rye bran, (b) oat bran and (c) wheat bran produced from non- 
peeled grains.  β -Glucan in cell walls is stained with Calcofl uor (blue) and protein with 
Acid Fuchsin (red) in the sections cut of resin embedded samples. Starch granules are not 
stained and are seen as black spaces in the protein matrix (courtesy of Ulla Holopainen, 

VTT Technical Research Centre, Finland).     
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 In the separation steps, the bran particles can be fractionated according to size, 
shape, mass, density or dielectric properties. Several separation methods can be 
combined to obtain effi cient tissue separation (Hemery  et al. , 2007). For example, 
the wheat aleurone layer, which contains most of the antioxidant potential of the 
grain, is recovered by effi cient dry fractionation with grinding, air classifi cation 
and electrostatic separation (Mateo Anson  et al. , 2009). 

   8.3.1  Wheat bran 
 Wheat bran is produced as a side product of milling of wheat into white fl our. 
Wheat is usually milled by roller milling, which delivers multiple product streams 
that the miller can combine into fl our or bran fractions. Thus, the composition of 
wheat bran from different mills varies signifi cantly. The worldwide consumption 
of wheat was around 693 million tons in 2011 (WASDE, 2012). Milling of one 
million tons of wheat can yield up to 0.25 million tons of wheat bran (Javed  et al. , 
2012). The composition and quantity of wheat bran depend on the extraction rate 
of milling, that is, how much of the kernel is recovered in fl our. Wheat bran 
contains the outer layers of the wheat kernel and is composed mainly of insoluble 
AX, cellulose, starch, protein,  β -glucan and lignin (Hemery  et al. , 2007). It is well 
known for its effects in increasing faecal bulk and reducing intestinal transit time. 
EFSA has accepted health claims related to these effects, provided that either a 
food is ‘high in fi bre’ or 10 g of wheat bran are consumed daily, respectively 
(EFSA, 2010). 

 According to Gebruers  et al.  (2008; 2010), the dietary fi bre content in different 
wheats varies between 11.5 and 18.3%. The total AX concentration varies between 
6.1 and 22.1% and between 1.4 and 2.8% in the bran and fl our fractions, 
respectively. On average, bran AX makes up about 29% of the total dietary fi bre 
content of wheat. Bran yield is inversely related to the AX content in bran and 
positively related to the dietary fi bre content in wholemeal. During milling, 
around 80–85% of the dietary fi bre is usually recovered in the bran fraction. 

 Kamal-Eldin  et al.  (2009) characterised two commercial wheat bran samples 
from the Nordic countries. The dietary fi bre content in these wheat bran products 
varied from 40 to 53% of dry matter and starch content from 9 to 25%. The ash 
content of wheat bran samples was 5.5–6.5%. Around 55% of the dietary fi bre in 
wheat bran is AX; the rest is cellulose (9–12%), lignin (3–5%), fructan (3–4%) 
and mixed linked  β -glucan (2.2–2.6%). About 95% of the dietary fi bre in wheat 
bran is insoluble (Cornell and Hoveling, 1998; Pomeranz, 1988). 

 Wheat bran consists of several layers: outer pericarp, inner pericarp, testa/seed 
coat, hyaline layer and aleurone layer ( Fig. 8.2 ). The pericarp is composed of 
intermediate cells, cross cells and tube cells. The total pericarp comprises about 
5% of the grain. It consists mainly of insoluble AX, cellulose and lignin. The 
outermost layer of the pericarp is called the outer epidermis. It is 15–20  μ m thick, 
and is composed of long, narrow cells that are arranged alternately (Hemery  et al. , 
2007; Khan and Shewry, 2009). The testa layer comprises about 1% of the grain 
and is composed of mainly AX and lignin. The proportion of cellulose is lower 
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than in the pericarp (Hemery  et al. , 2007). The testa contains almost all of the 
grain alkylresorcinols (Landberg  et al. , 2008), a class of phenolic lipids reported 
to exhibit antioxidant properties and anti- cancer activity (Kozubek and Tyman, 
1999). 

 Wheat bran, especially aleurone, is an interesting layer, as it contains most of 
the antioxidant potential of wheat grain (Mateo Anson  et al. , 2009; Verma  et al. , 
2008; Adom  et al. , 2005) due to its high content of lignans and phenolic acids 
(Buri  et al. , 2004; Esposito  et al. , 2005; Zhou  et al. , 2004). Aleurone represents 
about 7% of the wheat grain dry mass but contains the major part of the B vitamins 
and about half of the total mineral content (Antoine  et al. , 2003; Pomeranz, 1988). 
Compared to the other peripheral layers, the aleurone layer has high protein 
content, with a better balance of amino acids (particularly higher levels of lysine) 
than the proteins of endosperm (Buri  et al. , 2004; Rhodes and Stone, 2002). 

 Recently, electric separation of wheat bran was developed to separate mixtures 
of aleurone and other outer layer particles. The charged particles are separated 
from one another due to their distinct dielectric properties and/or their different 
electrical polarisation (Behrens and Bohm, 2004; Bohm and Kratzer, 2005; 
Hemery  et al. , 2011a, b). In addition, the aleurone fraction can be separated by 
enzymatic approaches (Bohm  et al. , 2003). 

 Depending on the milling process, wheat bran fraction may also contain the 
germ. The wheat germ comprises 2.5 to 3.5% of the kernel. It is composed of the 
embryonic axis and the scutellum, which functions as a storage organ for wheat. 
The germ contains about 25% protein, 18% sugars and 16% lipids. Sugars are 
mainly sucrose and raffi nose. The germ does not contain starch, but is rich in B 
vitamins (Delcour and Hoseney, 2010). Plant sterols are also concentrated in the 
germ (Nyström  et al. , 2007).  

   Fig. 8.2     The different layers of wheat bran illustrated from aleurone to outer pericarp. 
(Surget and Barron, 2005).     
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   8.3.2  Rye bran 
 Rye bran is a commercial milling product that contains grain outer layers and cell 
walls from endosperm. Similarly to wheat, rye is often milled by roller milling, 
which delivers multiple product streams that can be combined into fl our or bran 
fractions. This results in various compositions of rye bran depending on the 
manufacturer, and it is not always clear whether the product should be described 
as rye bran or rye fl our. A relatively large part (in Finland, for example, 90% of the 
rye consumption of 14 kg/capita/year) is used as wholegrain fl our (Finnish Bread 
Information, 2012). EFSA has recently accepted a health claim about consumption 
of rye fi bre and changes in bowel function (EFSA, 2011). 

 The content of dietary fi bre in different rye varieties is between 20.4 and 25.2%, 
whereas total AX concentrations vary between 12.1 and 14.8% and between 3.1 
and 4.3% in the bran and fl our fractions, respectively (Nyström  et al. , 2008). In 
rye, the aleurone, pericarp and testa are not as easily separated from endosperm as 
in wheat. Kamal-Eldin  et al.  (2009) characterised eight commercial rye bran 
samples from the Nordic countries. The dietary fi bre content in these rye bran 
products varied from 41 to 48% of dry matter and starch content from 13 to 28%. 
Around 50% of the dietary fi bre in rye bran is AX; the rest is a mixture of linked 
 β -glucan, lignin, cellulose and fructan. All of the rye bran samples had ash contents 
higher than 2.8%. Also, rye bran fractions are enriched in protein, and Kamal-
Eldin  et al.  (2009) reported a protein content of 14 to 18% in rye bran, whereas in 
rye fl our the protein content is much lower at 5 to 16% (Gómez  et al. , 2009). 

 Glitsø and Bach Knudsen (1999) showed that pericarp and testa have different 
dietary fi bre composition and solubility from aleurone, and thus different 
functionality. In addition, Härkönen  et al.  (1997) showed that the AX in the 
outermost milling fractions of rye is less substituted (A:X 0.6–0.8) than in the 
endosperm (A:X 1.1–1.2). Rye AX, with a molecular weight of 1.38 × 10 6  g/mol 
in rye bran, is more resistant than rye  β -glucan to depolymerisation in food 
processing (Rakha  et al. , 2010). 

 Rye bran is relatively rich in low molecular weight phenolic compounds such 
as lignans and phenolic acids (Nilsson  et al. , 1997; Liukkonen  et al. , 2003). The 
contents and physiological effects of these compounds in rye bran and other rye 
products have been reviewed by Bondia-Pons  et al.  (2009). Rye bran is also a 
good source of plant sterols (Nyström  et al. , 2007).  

   8.3.3  Oat bran 
 Oat grain contains a highly insoluble cellulose- rich outer shell or hull. Dehulling 
yields two products: hull material and the inner kernel, the oat groat. Only a few 
food ingredients are derived from hull, and the majority of the hull fraction, the 
main component of which is cellulose, is used as ruminant feed. The chemical 
composition and properties of the hull-based dietary fi bre ingredients are very 
different from the bran obtained by milling of groats. 

 Unlike wheat and rye, oats are normally thermally treated prior to processing to 
ensure adequate shelf life. The thermal treatment, kilning, renders the majority of 
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oat ingredients enzymatically inactive (NAMA, 2010). In further processing, kilned 
oat groats are milled into fl our, usually in hammer mills or rollstands. The product 
is either whole oat fl our (hammer mill) or a combination of starchy oat fl our and oat 
bran (rollstands). Roller milling takes the oat groats through several rollstands to 
fl atten and separate the bran from the endosperm fl our (Paton and Lenz, 1993). 

 The effects of roller and impact milling on differently conditioned oat groats 
have been compared by Doehlert and Moore (1997). Tempering oats to 12% 
moisture improved bran yield from roller milling nearly twofold, but had little 
effect on bran composition. Bran yield from the impact- type mill was signifi cantly 
affected by grinding screen size. Bran generated with 2.0 and 3.0 mm grinding 
screens on the mill had signifi cantly higher starch concentration and signifi cantly 
lower protein,  β -glucan and ash concentrations than brans produced with 0.5 
and 1.0 mm grinding screen sizes. Wang  et al.  (2007) combined dry milling 
with a pearling process, which effi ciently removed trichomes and surface- borne 
aluminium and microbial contamination. 

 Oat bran consists of the outer layers of the grain, mainly aleurone, subaleurone 
and pericarp. Oat bran contains substantially more starchy endosperm and soluble 
dietary fi bre components and less cellulose than wheat bran (Fulcher and Miller, 
1993). In the defi nition of the American Association of Cereal Chemists (AACC), 
the oat bran fraction is not more than 50% of the dehulled oat kernel, and has a 
total  β -glucan content of at least 5.5% (dry weight basis) and a total dietary fi bre 
content of at least 16.0% (dry weight basis). In addition, at least one- third of the 
total dietary fi bre should be soluble (AACC, 1989). 

 A review by Marlett (1993) lists published ranges of oat bran composition 
of 6.6–7.4%  β -glucan, 12–26% protein, 47–53% starch, 2–11% fat and 2–9% 
ash. According to Shewry  et al.  (2008), the bran fractions of different oat 
varieties contain 6.2–8.4%  β -glucan and 3.8–13.2% total AX, respectively. Only 
a minor part of the AX (0.2%) is water- extractable. Quantitative scanning 
microspectrofl uorometry has been used to examine the distribution of  β -glucan in 
the oat groat by Fulcher and Miller (1993). They concluded that oat cultivars with 
lower total  β -glucan concentration have a higher proportion of the  β -glucan in the 
subaleurone layers, whereas cultivars with higher total  β -glucan concentration 
have a more uniform  β -glucan distribution. 

 Air classifi cation (Stevenson  et al. , 2008; Vasanthan and Temelli, 2008; Wu 
and Doehlert, 2002) or extensive sieving procedures (Knuckles  et al. , 1992) 
provide a way to enrich oat  β -glucan to a much higher degree than in regular oat 
bran obtained by a rollstand process. Thus far, the highest  β -glucan concentration 
obtained by air classifi cation from regular, heat- treated and non- defatted oats has 
been 20–23%, with a mass yield of 33–39% (Lehtomäki and Myllymäki, 2010). 
With the non- heat-treated and defatted oats as the starting material,  β -glucan 
concentration as high as 34% with a mass yield of 8–9% has been obtained by dry 
fractionation (Sibakov  et al. , 2011). In addition to  β -glucan, bran fractions are 
also usually enriched with protein and AX. 

 The viscosity of  β -glucan solutions increases with both molecular weight and 
concentration of  β -glucan in solutions, but decreases with increase in temperature 
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(Autio  et al. , 1987; Dawkins and Nnanna, 1995).  β -Glucan can be depolymerised 
during food processing due to the action of endogenous or exogenous enzymes, or 
because of thermo- mechanical treatment. According to Åman  et al.  (2004), intact 
oats and oat brans have  β -glucan of high average molecular weight (M w  = 2.0–2.3 
× 10 6  g/mol). Most dry processed foods, such as extruded fl akes, macaroni and 
muffi ns, retain the high molecular weight  β -glucan. Large bran particle size and 
short fermentation time limit  β -glucan degradation during baking. On the other 
hand,  β -glucan in pasteurised juice, fresh pasta and teacake is degraded into 
smaller molecules (M w  = 4.5–5.8 × 10 5  g/mol). 

 Compared with other cereals, oats contain unique polyphenols called 
avenanthramides, which have strong  in vitro  and  in vivo  antioxidant activity. 
Avenanthramides exhibit anti- infl ammatory, antiproliferative and anti- itching 
activity. They may provide protection against coronary heart disease, colon cancer 
and skin irritation (Guo  et al. , 2010; Meydani, 2009). Together with  β -glucan, 
avenanthramides can be concentrated into cell wall- enriched fractions (Sibakov 
 et al. , 2010). Based on pearling experiments, Peterson  et al.  (2001) showed that 
antioxidant activity is highest in the short- pearling-time fractions and decreases as 
more endosperm tissue is included. In contrast, concentrations of avenanthramides 
were not correlated with pearling time, indicating that they were more uniformly 
distributed in the groats.  

   8.3.4  Barley bran 
 The majority of the barley crop is used as a feed or for malting and brewing. 
Barley is surrounded by a husk that is usually not separated from the kernel during 
threshing, except in the case of hull- less or naked barleys. The husk is usually 
removed from the barley that is used for food by blocking or pearling until the 
pericarp, the testa, and in some cases also the aleurone layer have been removed 
(Slavin  et al. , 2001). The barley kernel has a shallow crease, which makes it more 
attractive to start the milling process with a decortication step for removing the 
outer parts of the kernel instead of initially breaking up the kernel with roller mills 
to extract the endosperm as fi ne fl our. 

 The total dietary fi bre and starch contents in barley can vary signifi cantly 
with the variety. For example, Andersson  et al.  (2008) reported 15.0–23.8% and 
51.1–58.5% for dietary fi bre and starch, respectively. The  β -glucan concentration 
of barley is usually 3.7–6.5%, and the average molecular weight of  β -glucan 
1.5–1.8 × 10 6  g/mol (Andersson  et al. , 2008; Yalçin  et al. , 2007; Zhang  et al. , 
2002). The total AX content in barley fl our and bran has been reported to be 
1.4–2.2% and 4.8–9.8%, respectively. Only a minor part of the AX (0.2–0.4%) is 
water- extractable (Andersson  et al. , 2008). 

 Pearling of barley produces groats with higher  β -glucan content than in grains 
with cellulose-rich husk and protein- rich aleurone (Holopainen  et al. , 2012; 
Klamczynski  et al. , 1998; Marconi  et al. , 2000). Barley groat can subsequently be 
fl aked or milled into different kinds of fl our. Barley fl our can be fractionated into 
 β -glucan- enriched products by air classifi cation process or by roller milling and 
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sieving. Ferrari  et al.  (2009) studied the air classifi cation of pin disc milled barley 
fl our and produced a fraction with 15.6%  β -glucan with 28.4% yield, whereas 
Vasanthan and Bhatty (1995) produced a fraction with 23.8%  β -glucan with a 
yield of 7.6%. Roller milling and sieving yield fractions relatively similar to air 
classifi cation. Izydorczyk  et al.  (2003) were able to produce a fraction with over 
15%  β -glucan content and over 20% yield. 

 Soluble dietary fi bre components from barley have also been recovered using 
aqueous processes. Benito-Román  et al.  (2011) used a systematic study design to 
identify critical parameters for  β -glucan extraction. They found 55°C to be an 
optimal temperature for  β -glucan extraction and also pointed out the importance 
of particle size and pH in extraction. A more complex protocol for  β -glucan 
recovery was presented by Ghotra  et al.  (2008). In this process, patented by 
Vasanthan and Temelli (2002), the  β -glucan is initially concentrated by removing 
other grain constituents in aqueous ethanol. In addition, a soluble barley  β -glucan 
product has been developed using a proprietary hot water extraction method 
(Zheng  et al. , 2004).  

   8.3.5  Rice bran 
 Commercial rice milling consists of cleaning, hull removal and subsequent 
milling processes. In brown rice, only the hull is removed (Slavin  et al. , 2001). 
Usually, a part or all of the bran and germ is removed by abrasive scouring 
or pearling. Regular milled rice is brown rice from which practically all of the 
germ and pericarp, and most of the aleurone, have been removed, leaving mostly 
the starchy endosperm. This is usually called polished or white rice. Brown rice 
and white rice have similar levels of calories, carbohydrates and protein. The 
main differences between the two forms of rice lie in processing and nutritional 
content. Several vitamins (vitamins B 1  and B 3 ) and minerals (such as iron), as well 
as small amounts of fatty acids and dietary fi bre, are lost in bran removal and 
subsequent polishing. The average level of dietary fi bre in brown rice is usually 
3–4% (Kahlon, 2009). 

 Rice bran has a light, slightly sweet taste. The bran layers of the rice kernel 
contain the highest concentration of some nutrients and the bran is a good source 
of protein and iron. The bran is traditionally used as feed for animals, because of 
a rapid tendency to become rancid and because of the microbial activity generally 
associated with raw rice bran. Highly active lipase enzymes begin to hydrolyse 
the neutral fat into free fatty acids and glycerol right after the milling. For example, 
the amount of free fatty acids can be increased by up to 16% within four days and 
up to 30% or more within two weeks (Babcock, 1987). To avoid the problems 
related to rancidity, Randall  et al.  (1985) inactivated the lipase enzymes by heating 
the bran in an extrusion cooker at 125–135°C for 1–3 s at 11–15% moisture. 
Extrusion cooking also reduces the microbial activity. This procedure prevents the 
increase in free fatty acid concentration for at least four weeks even under warm 
and humid storage conditions. According to Babcock (1987), the storage life can 
be as long as six months if the bran material is stored at or below 20°C. 

�� �� �� �� ��



180 Fibre- rich and wholegrain foods 

© Woodhead Publishing Limited, 2013

 Abdul-Hamid  et al.  (2007) collected samples of freshly milled raw rice bran 
from each of four different milling fractions produced during the multi- pass 
whitening process for brown rice. During commercial milling, brown rice is 
processed by polishing the kernels four times. For this study, the bran was 
collected after each rubbing. The fi rst fraction had the highest concentration of 
dietary fi bre (about 30%) and the fourth had the lowest (about 18%). 

 Abdul-Hamid and Luan (2000) showed that rice bran originally contains 
about 27% dietary fi bre. When the oil of the rice bran is removed (e.g. by extraction 
with n- hexane), the bran can have an even higher content of dietary fi bre, in the 
35–48% range (Babcock, 1987). Saunders (1990) investigated the dietary fi bre 
content of both non- defatted and defatted bran fractions. According to this 
study, the stabilised bran contains 20–25% total dietary fi bre (of which 1.8–2.6% 
is soluble), bran from parboiled rice 31–33% (2.0–2.5%), defatted stabilised 
bran 24–28% (2.0–2.4%) and defatted bran from parboiled rice 44–51% 
(2.4–2.9%), respectively. The stabilised bran typically consists of 7.0–8.3% 
pentosans, 9.5–16.9% hemicelluloses, 5.9–9.0% cellulose and 2.8–3.9% lignin. 
The extraction of soluble fi bres from rice has been studied by Aoe  et al.  (1993). 
 β -Glucans are present at less than 1% in rice bran (Kahlon  et al. , 1984).   

   8.4   Technologies to improve the properties of cereal 
brans as source of dietary fi bre 

 Technological, nutritional and safety properties of cereal brans can be improved 
by different processing techniques. These techniques can be targeted at more 
specifi c fractionation, modifi cation of structural properties, introduction of new 
functionalities or improving the sensory quality. An obvious parameter important 
for the functionality of bran as an ingredient is the particle size. It plays a 
signifi cant role when adding the bran in baking (see Chapter 10, e.g. Zhang and 
Moore, 1999 and Noort  et al. , 2010) and also in extrusion (see Chapter 15, e.g. 
Robin  et al. , 2011). Current milling technologies allow ultra- fi ne milling (Hemery 
 et al. , 2011a; Paltakari  et al. , 2012; Zhu  et al. , 2010), which itself creates 
possibilities for bran modifi cation. 

 Removal of 1–3% of the wheat kernel by peeling prior to grain breakage and 
subsequent bran separation improves the sensory properties of bran (Hemery 
 et al. , 2010). In the case of wheat bran, this improvement is also attributed to a 
removal of microbes, mycotoxins, heavy metals and pesticides. Simultaneously, 
the sensory and technological properties of the wheat bran are greatly improved. 
The subsequent limited grinding and bran separation enable an aleurone fraction 
to be produced in which the majority of the whole grain’s benefi cial properties are 
concentrated (Behrens and Bohm, 2004; Bohm  et al. , 2003; Bohm and Kratzer, 
2005; Hemery  et al. , 2007; 2011b). 

 In the case of rye, the effective peeling rate of the kernel is much higher than 
in the case of wheat. For example, Heiniö  et al.  (2012) reported peeling rates of 
10–20%. The improved properties of rye bran from peeled kernels were attributed 
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to the lower content of certain phenolic compounds, while the dietary fi bre content 
of bran remained the same as for rye bran without peeling. Fermentation of rye 
bran from peeled kernels with lactic acid bacteria prior to use in baking improved 
the bread making process (Katina  et al.  2007). The fermentation lowers the 
pH, which in turn activates endogenous cell wall- degrading enzymes in rye. 
Bioprocessing with yeast and lactic acid starters and cell wall- degrading enzymes 
is an effi cient technology for improving wheat bran as a bread baking ingredient 
(Salmenkallio-Marttila  et al. , 2001; Katina  et al. , 2012). The performance of bran 
in baking applications can also be improved by using enzymes such as xylanases 
(Laurikainen  et al. , 1998) and oxidative enzymes (Gül  et al. , 2009). Hydrothermal 
processing of bran has also been suggested (Amirkaveei  et al. , 2009). 

 The particle properties and/or viscosity of soluble dietary fi bre components 
have limited the use of bran in beverage applications. However, viscous properties 
of fi bres can be effectively controlled by tailoring the molecular weight of soluble 
cell wall components. Tailoring of molecular weight is indeed an important tool 
in producing cereal dietary fi bre components, especially in applications with high 
water content. Zheng  et al.  (2004) described an enzymatic method to produce 
a low molecular weight  β -glucan composition with lower viscosity. Later, 
Kaukovirta-Norja  et al.  (2009) described a process for producing low molecular 
weight  β -glucan by acid-catalysed hydrolysis at low water content, and Lehtomäki 
and Myllymäki (2009) developed a process based on enzymatic hydrolysis of 
 β -glucan at low water content. Similarly, Broekaert  et al.  (2010) have described 
a process for producing soluble low molecular weight AX from distiller wet 
grains via enzymatic hydrolysis. Depolymerisation obviously infl uences both 
technological functionality and nutritional properties.  

   8.5  Food applications of cereal fi bre ingredients 
 Cereal brans have been investigated as sources of dietary fi bre in many different 
food applications. They are especially suited for use in cereal foods, where they 
are usually used in combination with refi ned fl our. The most common products 
studied for bran fi bre enrichment are presented in  Table 8.1 . 

 Bran, especially wheat bran, is the most common source of added dietary fi bre 
in baking (Sanz Penella  et al. , 2008), and rye bran has also been used to increase 
the dietary fi bre content of bread (Katina  et al. , 2007). The use of barley bran 
derived from naked or dehusked barley or oat bran derived from husked oat 
kernels is also becoming more widespread due to their high soluble fi bre content, 
in particular their content of mixed- linked  β -glucan. The challenges of high fi bre 
and wholegrain baking are dealt with in Chapter 10, and those of adding fi bre to 
extruded products in Chapter 12, pasta in Chapter 13 and noodles in Chapter 14. 
The specifi c feature of cereal brans as dietary fi bre ingredients is their insolubility, 
as well as the presence of other grain components as part of the bran tissue. 

 Oat bran has been successfully incorporated into bread, extruded snack 
products, noodles, muffi ns and pancakes. However, its usability is limited because 
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of its high lipid content. In bread, the highest amount of oat bran that can be used 
without deterioration of the texture of the bread is usually around 20%. However, 
higher concentrations, up to 55–60%, have been studied in clinical trials and model 
products (Kerckhoffs  et al. , 2003; Åman  et al. , 2004). Addition of barley bran 
decreases bread loaf volume, increases fi rmness and gives darker and redder bread 
(Moriartey  et al. , 2011). Breads with 20%  β -glucan rich barley bran contain 4.2 
times more total dietary fi bre and 7.6 times more  β -glucan than control bread. Such 
breads are still acceptable in laboratory acceptance tests (Knuckles  et al. , 1997). 

 Defatted rice bran can be incorporated into breads at a level of up to 10–15%, 
as such or with bread improvers (Sairam  et al.,  2011). Sharif  et al.  (2009) 
concluded that up to 10–20% of wheat fl our can be substituted with defatted rice 
bran to prepare rice bran supplemented cookies without adversely affecting the 
sensory and structural quality.  

   8.6  Conclusion and future trends 
 Cereal brans are increasingly important dietary fi bre ingredients, as the body 
of evidence about their health- protective effects is increasing, and new ways of 
tailoring their properties are emerging. Wheat bran has long been a common 
ingredient, but in recent years new milling technologies as well as bioprocessing 
methods have opened the door to an array of new ingredients with improved 
technological functionality. Interest in wheat bran is expected to increase. Rye 
bran is mainly used in the Northern and Eastern parts of Europe. It has distinct 
properties with high nutritional potential, and due to its high starch content, may 
serve in slightly different applications from wheat bran. 

 Oat and barley brans have attracted interest especially due to their soluble fi bre 
content and cholesterol- lowering properties. Several specialty products with 
elevated  β -glucan content are available, facilitating the formulation of a range of 
foods high in soluble fi bre. The rheological properties of these brans also offer 
technological benefi ts in product formulations. Due to established health claims, 
the use of these fi bre sources is expected to continue. Rice bran also has its 
established uses, and offers an interesting raw material for further modifi cation. 

 The separation of brans in the milling process was originally developed 
because of the greater palatability of products made from refi ned fl our. Now that 
the health relevance of the bran fraction has been established and realised, new 
technologies will enable production of cereal fi bre- enriched foods with palatable 
taste and high sensorial quality.   
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  Abstract:  As much as one- third of the dietary fi bre intake in a normal Western diet 
originates from fruits and vegetables. Nutritional effects of dietary fi bre can to a great 
extent be related to the physicochemical properties of the fi bre, such as composition, 
solubility, viscosity, water- holding capacity and molecular weight. In fruits and 
vegetables the structure of the cell wall matrix (tertiary structure) is also extremely 
important for nutritional characteristics and texture of the product. Fruits and vegetables 
are often processed in some way prior to consumption. During this processing the cell 
wall composition and also the physicochemical properties of the plant material may be 
changed considerably. The effects of mechanical, chemical, enzymatic and thermal 
processing will be discussed in this chapter.  

   Key words:    vegetables, fruits, dietary fi bre, processing, physicochemical properties, 
solubility, viscosity, water- holding capacity, molecular weight, cross- links.   

    9.1  Introduction 
 Diet has been suggested to be a common denominator of many chronic disorders 
of the Western world, such as cardiovascular diseases, type 2 diabetes mellitus 
and some types of colonic diseases. In this respect dietary fi bre could play an 
interesting role (Galland 2010). A number of studies regarding physiological 
properties of dietary fi bre have been performed on cereals, while vegetables and 
berries are often overlooked as a fi bre source due to their low fi bre content. 
However, considering that at least one- third of the dietary fi bre intake in a normal 
diet originates from fruits and vegetables, the intake of these types of fi bre is 
extremely important. During the period 1986–2009 the total consumption 
of vegetables (not including potatoes) in Sweden increased by 85% to 76 kg 
per capita and year, and fruits by 10% to 92 kg per capita and year, while the 
intake of potatoes decreased by 20% to 56 kg per capita and year (Swedish Board 
of Agriculture 2011). Further, these dietary sources do not only differ in the 

�� �� �� �� ��



194 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

composition of the dietary fi bre but are often delivered fresh and are very sensitive 
to storage. Of the total consumption, nearly 30% of the vegetables (not including 
potatoes) and approximately 35% of the fruits are industrially processed (Swedish 
Board of Agriculture 2011). Unknown quantities of the fresh products are also 
prepared at home. Another source of dietary fi bre from fruits and vegetables is 
side streams from industrial processing, such as the production of juice, wine and 
sugar (Schieber  et al . 2001). It is of great interest to fi nd food applications for 
these types of products, from both an economic and a functional and nutritional 
point of view. Pectin is a well- known example in this respect, and it is already 
widely used as a gelling agent in various food items such as yogurt, ketchup and 
fruit jellies. It is found in high amounts in apples and citrus fruits but can also be 
extracted from orange peel, for example. 

 Functional and nutritional effects of dietary fi bre can to a great extent be related 
to the physicochemical properties of the dietary fi bre, such as composition, 
solubility, viscosity and molecular weight. The structure of the cell wall matrix 
(tertiary structure) is also of great importance for the properties of the product, 
and the architecture may, for example, infl uence the porosity and the surface area 
of the plant material (Guillon and Champ 2000). However, during processing the 
cell wall composition may be modifi ed, and as a result also its physicochemical 
properties. This may be especially important for vegetable foods, since they are 
often processed or cooked in some way before consumption, not least to prolong 
the storage period. A number of things can happen during both heat- related 
activities and other intense treatments. For example, glycosidic linkages in the 
dietary fi bre polysaccharides may be hydrolysed, resulting in a decrease in 
molecular weight and viscosity of the soluble dietary fi bres (Svanberg  et al.  1995, 
Selvendran and Robertson 1994). Also the amount of insoluble dietary fi bre can 
be affected when cross- linkages between cell wall components are broken 
(Wennberg  et al.  2003). Different types of plant materials, but also different 
genotypes within the same plant species, may be infl uenced variously by 
processing, depending on factors such as the number of cross- linkings between 
cell wall components and the esterifi cation of the pectic compounds in the original 
product. Furthermore, the degree of maturity at harvest and storage conditions 
may alter the properties of the starting material, and perhaps even the fi nal product 
(Wennberg  et al.  2003).  

   9.2  Fruits and vegetables as sources of dietary fi bre 
   9.2.1  Defi nitions and dietary fi bre recommendations 
 Fruits and vegetables are a diverse group of plants consumed by humans. There is 
no strict botanical or chemical defi nition of what is meant by fruits and vegetables. 
These plant materials are therefore often classifi ed according to how they are 
prepared or consumed, that is, vegetables as plants or plant parts generally eaten 
as a component of the main course of the meal, and fruits as parts of an appetiser 
or a dessert. From a botanical point of view, vegetables are derived from most 
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families of fl owering plants and also from some algae and fungi (Brouk 1975), 
while fruits are defi ned as the ripened ovary with or without the adjoining parts 
(Haard and Chism 1996). The main component of fresh fruits and vegetables is 
water (80–90%), while the solid matter is mainly constituted of carbohydrates, 
including dietary fi bre (2–20% of the fresh weight), and some protein (5–7% of 
the fresh weight). Most fruits and vegetables contain very low amounts of lipids 
(<0.5%), while they are rich sources of vitamins, minerals and antioxidants. In 
fact, most vitamin C (~63%) and a great part of the dietary fi bre (~30%), folacin 
(~32%),  β -carotene (16%) and potassium (~30%) originate from this type of plant 
materials in a mixed Western diet, while plants only contribute 8% of the energy 
and 5% of the fat intake (Swedish Board of Agriculture 2011; Becker 1994). The 
contribution may be even higher, since the level of domestic production is 
unknown. The recommended dietary fi bre intake for adults according to the 
Nordic Nutrition Recommendations is 3 g/MJ, which corresponds to an intake of 
between 25 and 35 g dietary fi bre per day. A similar intake is recommended for 
many other Western countries (Galvin  et al.  2001). No exact amounts of dietary 
fi bre have been recommended by the WHO/FAO Expert Consultation group 
(Mann  et al.  2007). Instead it was considered that the intake of fruit, vegetables 
and wholegrain cereals should provide at least 25 g of dietary fi bre per day, until 
dietary fi bre has been defi ned correctly.  

   9.2.2  Chemistry of cell wall components in fruits and vegetables 
 The cell wall components in fruits and vegetables consist of cellulose (~35%), 
hemicelluloses (~15%), pectins (~40%), proteins (~5%) and some lignin/polyphenols 
(~5%) (Selvendran and Robertson 1990). A model of the primary cell wall in 
fl owering plants and the interaction between its components has been presented by 
Carpita and Gibeaut (1993). In contrast to cereals, the dietary fi bre in fruits and 
vegetables contains high proportions of pectic substances. Pectin is a highly branched 
polysaccharide consisting of  α -(1,4) galacturonic acid units in the backbone, 
sometimes interspersed with rhamnose. Two main types of pectin exist: linear 
homogalacturonans and rhamnogalacturonans with neutral sugar side chains attached 
to the rhamnosyl residue. Arabinose, galactose, xylose and glucuronic acid may be 
present in the side chain (Kays 1997). The galacturonic acid in the backbone may be 
esterifi ed with carboxyl groups, and the solubility of pectin depends partly on this 
esterifi cation. The cellulose in vegetables and fruits has been reported to be less 
crystalline than cellulose in cereals (Hsu and Penner 1989), partly because the 
cellulose is less lignifi ed. The crystallinity index of cellulose in banana and sugar cane 
bagasse has been reported to be 39 and 48%, respectively (Guimaraes  et al.  2009), 
while it was 81% in microcrystalline cellulose from wood (Hsu and Penner 1989). 
Xyloglucan is an important hemicellulosic substance in some vegetables, whereas 
high amounts of arabinans are present in sugar beet fi bre and galactans in potatoes 
(Zykwinska  et al.  2006). However, the composition of the cell wall polysaccharides 
varies considerably between different species, as can be seen in  Table 9.1 , and also 
between different cultivars of specifi c species (Wennberg  et al.  2002). 
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     9.3  Effects of processing on fruit and vegetable dietary fi bre 
   9.3.1  Mechanical processing 
 Grinding of dietary fi bre- rich raw materials not only decreases the particle size 
but may also change the shape of the particles and the physical structure; intense 
mechanical treatment may open up the cell wall structure (Lario  et al.  2004). 
Swelling, water- binding capacity and water- holding capacity of sugar beet fi bre 
and citrus fi bre preparations have been observed to decrease when the particle size 
was decreased, which was attributed to a collapse of the pore structure (Auffret 
 et al.  1994; Lario  et al.  2004). In contrast, hydration properties of coconut fi bre 
increased when the particle size was reduced, although they decreased after 
reduction beyond a certain point (Raghavendra  et al . 2006). Micronisation 
(milling to extremely fi ne particles (~100 microns)), and especially high- pressure 
micronisation, of fractions high in insoluble fi bre from carrot pomace and 
carambola pomace increased swelling, water- holding, oil- holding, cation- 
exchange and glucose adsorption capacities and increased the inhibitory effect on 
lipase and  α - amylase activities (Chau  et al.  2006; Chau  et al.  2007). These effects 
were proposed to be caused by a larger surface area and more water- binding sites 
available after the decrease in particle size. Fibre components were also 
redistributed from insoluble to soluble fractions in the micronisation process. 
Thus, different results after reduction in particle size may be explained by two 
competing effects. Although a decreased particle size is related to an increased 
theoretical surface area, that is, an increased capacity to hold water, the water- 
holding capacity may also decrease due to a destruction of the pore structure 
(Cadden 1987; Guillon and Champ 2000). 

 Mechanical fractionation processing is often used when extracting different 
types of juices. The end products typically contain less dietary fi bre than the raw 
material, while the side stream contains a lot of dietary fi bre. The side streams 
represent an unexploited source of dietary fi bre, which is currently used for animal 
feed or is discarded, but has great potential to be a part of tomorrow’s food with 
health benefi ts.  

   9.3.2  Chemical processing 
 Chemical treatments may be used to change the properties of dietary fi bre. The 
use of acidic or basic solutions affects the texture of cooked vegetables, which 
have been reported to be fi rmer when prepared at a pH of 4 than at pH 10 (Brandt 
 et al.  1984). This may be explained by the promotion of the  β -elimination reaction 
of pectin at pH > 4.5 at elevated temperatures (Sila  et al.  2005), which in turn is 
dependent on the degree of esterifi cation of the pectin and the presence of anions 
and cations. Heat treatment at low pH may instead lead to acidic hydrolysis of the 
pectic polysaccharides (Sila  et al.  2009). Commercially produced pectin is usually 
extracted at a pH of 1–3, and the exact extraction conditions determine the degree 
of esterifi cation and thus the functionality (gelling properties) of the fi nal product 
(Harris and Smith 2006). The use of oxalate, acidic and basic solutions has also 
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been shown to increase swelling of sugar beet fi bre (Bertin  et al.  1988; Elleuch 
 et al.  2011). Improved water- holding and oil- holding capacities, bleaching and 
reduced lignin content may be obtained by treatment with hydrogen peroxide 
(Sangnark and Noomhorm 2003). The dietary fi bre content and the distribution 
between soluble and insoluble fi bre are also affected by the presence of salts. 
Thus, when salt was present in the cooking water of carrots an increased 
degradation of pectic substances occurred (Sajjaanantakul  et al.  1993; Nyman and 
Svanberg 2002). Since the increased loss was mostly due to insoluble dietary 
fi bre, it was suggested that the breakage of weak bonds was catalysed by 
monovalent cations during the heat treatment. Similar results have been seen in 
potatoes, in which the strong associations between cellulosic and pectic substances 
were damaged after boiling (Ryden and Selvendran 1990). When divalent ions 
were added at low concentrations (100 mM) to the cooking water of carrots there 
was instead an increased cross- linking between pectic polysaccharides, an 
increased amount of insoluble dietary fi bre and a denser plant structure (Nyman 
and Svanberg 2002). A more stable plant structure may also decrease the loss of 
low molecular weight material into the boiling water. However, a higher 
concentration (400 mM) led to an extensive degradation of the dietary fi bre 
polysaccharides in carrots, which was also refl ected in the viscosity.  

   9.3.3  Enzymatic processing 
 Dietary fi bre may be degraded by enzymes present in the raw material or added 
during processing. Both endogenous and exogenous enzymes are able to degrade 
pectin and thus change structure and properties (Sila  et al . 2009). Depending on 
the application, it may be desirable to inactivate or to maintain, or even increase, 
the enzymatic activity (Duvetter  et al.  2009). The enzyme pectin methylesterase 
(PME) (Van Buren 1979), usually reported to be rather inactive in plant tissues, 
was suggested to be activated during long- term storage of white cabbage 
(Wennberg  et al . 2002). During storage for 24 weeks there was a redistribution of 
soluble to insoluble fi bre, while no such effect could be seen after 7 weeks of 
storage. PME demethoxylates pectic substances, and Ca 2+ ions can then cross- link 
the pectin molecules and in this way increase the amount of insoluble dietary 
fi bre. 

 In the study by Wennberg  et al.  (2002) there was a considerable loss of 
polymers containing arabinose and galactose, suggesting that other endogenous 
enzymes, such as arabinases, galactosidases and endoglucanases, are also 
activated during storage (Brummell and Harpster 2001). Another endogenous 
enzyme that instead may degrade pectic substances, increasing the amount of 
soluble dietary fi bre, is polygalacturanase. This enzyme only acts on de- esterifi ed 
pectin, but may explain the increased proportion of soluble fi bre after storage 
found in a specifi c cultivar of carrots (Svanberg  et al.  1997). Dietary fi bre may 
also be formed through the action of enzymes, such as the creation of callose 
( β -1,3-linked glucose) as protection against leakage of water and nutrients when 
plant materials are wounded during cutting and peeling (Shea  et al.  1989). 
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 Dietary fi bre from waste fractions and side streams may also be exposed to 
exogenous enzymes that have been added to facilitate processing, such as in the 
production of juice and wine. Furthermore, the use of enzymes to specifi cally 
improve the properties of dietary fi bre preparations is an important area within the 
food industry today. Several pectinolytic enzymes with tailored properties are 
available on the market to optimise functional characteristics, for example, giving 
different gelling capacities. This important and huge fi eld is summarised by 
Schols  et al.  (2009) and will not be further discussed in detail here. Oligosaccharides 
with potentially prebiotic and other physiological effects can also be produced 
from dietary fi bre polysaccharides by enzymatic means (Martínez  et al . 2009; 
Martínez  et al.  2010). 

 Fermentation (anaerobic preservation of the raw material, usually by lactic 
acid bacteria) is another type of enzymatic processing that may affect the dietary 
fi bre. The changes depend on the enzymatic activity during the fermentation 
process, that is, the amount and the activity of the bacteria added and the length of 
the fermentation period. However, such a process would be expected to result 
mainly in degradation of glycosidic linkages, and as a consequence solubilisation 
of different cell wall polysaccharides. Several dietary fi bre- degrading enzymes 
(polygalacturonase, cellulase and  β -galactosidase) have been found in fermentation 
liquids (Rodríguez  et al . 2006). These enzymes may increase the solubility of the 
dietary fi bre or, if the degradation is extensive, cause a loss of dietary fi bre into the 
fermentation liquid, as is seen in green olives (Jiménez  et al.  1998). However, 
there may also be a loss of insoluble fi bre, as is seen in fermentation of white 
cabbage with  Lactobacillus plantarum  299v (Nyman and Wennberg, unpublished 
results). The considerable loss of insoluble fi bre in that study indicates that weak 
bonds between polysaccharide chains are mostly affected by the low pH obtained 
during fermentation and not by bacterial enzymes. Similar fi ndings were seen in a 
study of white cabbage soured with acetic acid (Wennberg  et al.  2006). 

 Functional properties may also be affected by enzymatic treatment. A 
degradation of attached side chains by exogenous or endogenous enzymes may 
reduce the viscosity. A lower viscosity was seen with fermented cabbage products 
compared with raw cabbage (Nyman and Wennberg, unpublished results), most 
probably due to splitting of glycosidic linkages during processing. Such changes 
in functional properties may also have nutritional implications and reduce positive 
metabolic effects of the fi bre. On the other hand, the low pH that is formed during 
fermentation may counteract such an effect. For example, the effects on glucose 
and insulin response were augmented in healthy subjects consuming carrots 
steeped in lactic acid compared with untreated carrots (Gustafsson  et al.  1994).  

   9.3.4  Thermal processing 
 Heat treatment of vegetables leads to a softening of the texture, due to loss of 
turgor and changes in the cell wall composition (Van Buren 1979). This is mainly 
due to degradation of heat- labile polysaccharides, mainly pectic polysaccharides, 
and breakage of cross- links between cell- wall polysaccharides at elevated 

�� �� �� �� ��



Vegetable, fruit and potato fi bres 201

© Woodhead Publishing Limited, 2013

temperatures. These effects depend on the processing conditions and the dietary 
fi bre material, but the reduction in molecular weight of dietary fi bre generally 
follows the degree of heat treatment (Nyman 2003). 

  Content and composition 
 Wet processing of vegetables, such as blanching or boiling, leads to a loss of dry 
matter of mainly low molecular weight material, for example, sugars, vitamins 
and minerals. The loss is dependent on the amount of water, temperature and 
heating time. During this type of treatment the amount of dietary fi bre in the 
cooked material increases (Nyman 2003). In the case of swedes, caulifl ower and 
potatoes a loss of dietary fi bre during boiling has also been reported (Brandt  et al.  
1984; Nyman 2003). Cooking losses may further be affected by harvest and 
storage conditions. During storage the number of cross- links between 
polysaccharides increases, which may lead to a more dense texture and more 
insoluble fi bre. Long- term storage decreased the cooking loss of pectic substances 
in cabbage, while short- term storage and an early harvest increased the loss 
(Wennberg  et al.  2003). However, the reduction in soluble dietary fi bre was higher 
in stored carrots than in fresh carrots (Nyman  et al . 2005). Another possible effect 
of the thermal processing of vegetables with a high starch content, such as 
potatoes, is the formation of resistant starch. Higher amounts of resistant starch 
have been found in deep- fried potato products and potato crisps than in boiled 
potatoes, but storage in a refrigerator increases the amount of resistant starch in 
boiled potatoes (Åkerberg  et al.  1998; Liljeberg Elmståhl 2002). 

 Heat treatment often changes the ratio of soluble to insoluble fi bre. An increase 
in the proportion of soluble dietary fi bre was detected in frozen, blanched and 
canned carrots, swedes and Brussels sprouts (Nyman  et al.  1987) and in boiled 
and/or canned carrots (Penner and Kim 1991). Furthermore, a comparison 
between ordinary cooking, pressure- cooking and microwave treatment of several 
vegetables showed that all methods reduced the content of insoluble fi bre to some 
extent, but pressure- cooking showed the most pronounced effect (Rehman  et al.  
2003). Solubility of pineapple cell walls increased in canned samples but decreased 
in air- dried samples (Femenia  et al.  2007). The decrease in the soluble dietary 
fi bre in the air- dried samples may be explained by the fact that a high proportion 
of pectic polysaccharides could not be recovered after processing, especially at 
higher drying temperatures. This was probably due to extensive solubilisation or 
degradation by  β -elimination processes or enzymatic degradation. The degree of 
esterifi cation of pectins also decreased at higher drying temperatures. 

 Thermal pasteurisation of pectin also leads to solubilisation and 
depolymerisation, but by using high- pressure pasteurisation this effect may be 
reduced (Van Buggenhout  et al.  2009). Autoclaving (121°C, 15 min) had no 
signifi cant impact on the content and composition of dietary fi bre of beetroots 
(Villanueva  et al.  1996) or carrots (Redondo  et al.  1997), but a small increase in 
soluble fi bre was observed in turnips (Redondo  et al.  1997), and sterilisation of 
onion waste (121°C, 17–31 min) decreased the total content of dietary fi bre and 
increased the proportion of soluble fi bre (Benítez  et al.  2011). A formation of 
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resistant starch at a level of 2–8% of the total starch content has also been reported 
in autoclaved infant purees (Siljeström and Björck 1990). 

 Extrusion cooking is widely used in the production of snack foods, and also in 
the treatment of dietary fi bre from by- products of the food industry (Wolf 2010). 
The combination of mechanical and thermal energy used in extrusion cooking 
generally seems to solubilise the dietary fi bre (Arrigoni  et al.  1986; Camire  et al.  
1997; Hwang  et al.  1998; Wolf 2010). In contrast, the effect of extrusion on total 
dietary fi bre content is often insignifi cant, but depends on the conditions and the 
dietary fi bre source. While little effect was observed on total dietary fi bre content 
in apple pomace (Arrigoni  et al.  1986; Hwang  et al.  1998), onion waste (Ng  et al.  
1999) and potato peels produced by abrasion peeling (Camire  et al.  1997), a 
signifi cant loss of soluble dietary fi bre was seen in depectinised apple pomace, 
probably due to the low pH of the sample (Arrigoni  et al.  1986). The loss was 
suggested to be arabinans, arabinogalactans and galactans of lower molecular 
weight, that is, hemicellulosic substances associated with pectin. An increased 
dietary fi bre content was observed in potato peels produced by steam peeling due 
to an increase in Klason lignin and a possible formation of resistant starch (Camire 
 et al.  1997). 

 Another high pressure treatment is HHP (high hydrostatic pressure). This quite 
new low- thermal alternative allows strict control of process conditions and is 
therefore of interest when producing foods with specifi c health effects (Knorr 
 et al.  2002). A study on white cabbage treated by this method showed little effect 
on the total dietary fi bre content, but the solubility of the dietary fi bre decreased 
when the pressure increased (Wennberg and Nyman 2004). 

 In addition to variation between different types of dietary fi bre and processing 
conditions used, different results may be caused by different analytical methods, 
and whether results have been corrected for the loss of low molecular weight 
material (Redondo  et al.  1997). The degradation of dietary fi bre polysaccharides 
may also lead to the formation of oligosaccharides that were previously not 
analysed as dietary fi bre but are included in newer defi nitions of dietary fi bre.  

  Functional properties 
 Microwaving, blanching, boiling and canning decreased the viscosity of the 
soluble dietary fi bre in carrots and Brussels sprouts, the smallest effect observed 
from microwaving and blanching and the largest from canning (Nyman  et al.  
1994; Svanberg  et al.  1995). The decrease in viscosity after processing was 
generally in accordance with the decrease in molecular weight of the soluble 
dietary fi bre. In contrast, extrusion of citrus peels increased solubility and slightly 
increased the apparent viscosities, depending on the solvent used (Gourgue  et al . 
1994). While solubility and oil- holding capacity of fi bre- rich asparagus powder 
were higher in freeze- dried fi bres than in oven- dried fi bres, water- holding capacity 
was more infl uenced by thermal treatment (Fuentes-Alventosa  et al . 2009). Water- 
holding capacity of extruded apple pomace remained constant when a low 
mechanical force was used but decreased under more severe conditions, probably 
due to disintegration of the cell wall (Hwang  et al.  1998). Similar results have 
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been found for potato peel (Arora  et al.  1993), while the water- holding capacity 
of depectinased apple pomace (Arrigoni  et al.  1986) and the swelling and 
absorption of water of orange peels were increased after extrusion (Larrea  et al.  
2005). The absorption of water and the water- binding capacity of both untreated 
and depectinased apple pomace decreased with autoclaving and increased with 
boiling (Arrigoni  et al.  1986). Physical properties of a material are thus 
considerably infl uenced by thermal processing, although in different ways. It is 
important to have in mind that results from one material cannot be applied to 
another one (Chávez-Jáuregui  et al.  2000). The chemical composition and/or the 
architecture of the material seem to be of great importance in this respect.    

   9.4  Conclusion 
 The effects of processing on dietary fi bre in vegetables and fruits are highly 
dependent on both processing conditions and the structure of the dietary fi bre. 
Physicochemical properties of importance in relation to processing are, for 
example, the molecular size of the dietary fi bre in the raw material, the chemical 
composition and the degree of esterifi cation of the dietary fi bre. Furthermore, 
these effects have implications for nutritional and functional properties. Although 
changes regarding molecular weight and viscosity are documented for soluble 
dietary fi bre, it is also important to characterise the insoluble dietary fi bre. One 
way is to document changes in the botanical cell wall structure by microscopy, or 
to measure hydration properties and the dissolution of cross- links through the 
analysis of phenolic acids. It is also important to study the effects of modifi cation 
of the dietary fi bre material  in vivo.  A change in viscosity may, for example, 
infl uence hypolipidaemic properties of the dietary fi bre material.   
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  Abstract:  Bread is a staple food worldwide. It is a good source of energy, protein, 
dietary fi bre (DF), minerals, vitamins and many other bioactive compounds. Increased 
intake of DF has been associated with a decreased risk of overweight and obesity, 
hypertension, cardiovascular diseases, diabetes, certain cancers and constipation. 
The use of refi ned fl our in bread decreases its content of DF and associated bioactive 
compounds. Therefore wholemeal fl our, composite fl our, bran, resistant starch, 
fructan/fructo- oligosaccharides or fi bre concentrates have been added to bread to 
enrich it with DF. However, these ingredients can modify many properties of the dough 
and the bread, so the bread- making process has to be adjusted to achieve desirable 
products. Many processes can result in the loss of functionality and positive health 
effects of the DF components, an important aspect to consider when creating innovative 
products.  

   Key words:    bread, dietary fi bre enrichment, processing, sensory properties.   

    10.1  Introduction 
 Bread is used as a staple food in most countries. In the UK, for instance, the 
household penetration of bread is about 97.4% with around 66 loaves purchased 
annually per household (The Federation of Bakers, 2007). White bread is 
consumed most often and is usually prepared from wheat fl our with about 72% 
extraction rate, thus removing bran and germ. This leads to a bread with a low 
content of dietary fi bre (DF) (<2.5%), minerals and vitamins (Anon, 2003; Bender, 
2006). 

 With rising consumer demand for healthier foods, the incorporation of various 
fi bre- rich ingredients into bread has greatly increased. Dietary fi bre has been 
positively associated with a decreased risk of conditions such as obesity, diabetes, 
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cardiovascular disease, colon cancer and constipation (EFSA, 2010). It also 
promotes the production of short chain fatty acids in the intestine and may 
have prebiotic properties. Due to the universal consumption of bread products, 
enriching bread with DF offers promising potential to increase DF intake. The 
typical Western diet contains too little DF, 20 g/day compared with the 
recommended 25–30 g/day (EFSA, 2010). 

 The most updated defi nition of DF by Codex is from 2010 (CAC/GL 2-1985) 
and states that:

  Dietary fi bre means carbohydrate polymers 1  with ten or more monomeric units 2 , 
which are not hydrolysed by the endogenous enzymes in the small intestine of 
humans and belong to the following categories:

   •   Edible carbohydrate polymers naturally occurring in the food consumed  
  •   Carbohydrate polymers, which have been obtained from food raw materials by 

physical, enzymatic or chemical means and which have been shown to have a 
physiological effect of benefi t to health as demonstrated by generally accepted 
scientifi c evidence to competent authorities  

  •   Synthetic carbohydrate polymers which have been shown to have a physiological 
effect of benefi t to health as demonstrated by generally accepted scientifi c 
evidence to competent authorities    

  1   When derived from a plant origin, dietary fi bre may include fractions of lignin and/
or other compounds associated with polysaccharides in the plant cell walls. These 
compounds also may be measured by certain analytical method(s) for dietary fi bre. 
However, such compounds are not included in the defi nition of dietary fi bre if 
extracted and re- introduced into a food. 

  2   Decision on whether to include carbohydrates from 2 to 9 monomeric units should 
be left to national authorities. 

   A similar defi nition has been introduced in the EU by the European Commission 
(Commission Directive 2008/100/EC). One important difference is that this 
defi nition states that all carbohydrates with at least three monomeric units should 
be included in the defi nition, so this is not optional for EU member states. At the 
moment, both Codex and the European Commission are working on a list of 
approved methods which may be used for the determination of dietary fi bre 
content or content of individual dietary fi bre components. 

   10.1.1  Different types of bread 
 There is a wide variety of breads differing in morphology, ingredients and method 
of baking. Breads around the world can be divided into three broad categories 
(New Zealand Association of Bakers, 2010):

    •   Those that rise highest and so have to be baked in pans,  
  •   those with a medium volume, like rye and French breads, and  
  •   those that hardly rise at all and consequently are called fl atbreads.     

 Yeast forms an integral part of white bread baking, and white bread baked 
in pans is the most common type of bread, consumed by large numbers of 
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people around the world. Multigrain and kibbled breads, sourdough bread, 
wholemeal bread, pumpernickel bread, bagels, hearth breads, French baguettes, 
and so on belong to the second category. Flatbread is the oldest bread made 
by humans and its basic ingredients are fl our, salt and water. These ingredients 
are kneaded to workable dough and the bread is shaped by hand and baked. 
An example of fl atbread is chapatti or roti, consumed mostly in South Asia. 
Flatbread is usually made from wheat fl our, but can be supplemented with 
high fi bre ingredients, thus adding nutrient diversity and variety to the bread. 
It can be made with or without yeast. Other examples of fl atbread are 
tortilla (Mexico), focaccia (Italy), pitta (Middle East) and naan (India). Crispbread 
is a kind of fl at bread consumed in Scandinavia. It was originally made from 
rye fl our, water and salt, but it has since incorporated multiple ingredients, 
such as yeast, grains from other cereals, and so on, and is made in various 
shapes.  

   10.1.2  Major DF components in fl our 
 Arabinoxylan (AX) is a cell wall polysaccharide present in all major cereals. The 
backbone of the AX molecule consists of (1→4)-linked  β - D -xylopyranosyl 
residues, which are either monosubstituted by an  α - L -arabinofuranosyl residue at 
the O-2 or O-3 position or disubstituted at both these positions (Izydorczyk and 
Dexter, 2008). Monosubstitution at O-2 is rare in wheat and rye, but occurs more 
frequently in barley (Saulnier and Quemener, 2009; Viëtor  et al. , 1992). This 
substitution pattern also varies depending on cultivar and position in the grain; for 
example, AX is more highly substituted in outer wheat bran (A/X 0.88) than in the 
aleurone layer (A/X 0.35) (Bonnand-Ducasse  et al. , 2010; Izydorczyk and Dexter, 
2008; Saulnier  et al. , 2007). In wheat endosperm the A/X ratio varies from 0.5 to 
0.7. Different phenolics, for example,  p -coumaric acid and ferulic acid, can be 
esterifi ed at the O-5 position of the arabinose residue and play an important role 
in oxidative gelation of water- soluble AX (Ishii, 1997). The degree and pattern of 
substitution control the physicochemical properties (solubility, viscosity, hydration 
properties) of the polymer (Courtin and Delcour, 2002; Saulnier  et al. , 2007). 
Water- unextractable AX is considered to have negative impact on loaf volume, 
while water- extractable AX, which makes up about 25% of AX in grain endosperm, 
improves loaf volume (Biliaderis  et al. , 1995; Courtin and Delcour, 2002). Rye 
AXs have been classifi ed into four distinct classes based on structure and 
extractability, which are partly overlapping (Andersson and Åman, 2001; Vinkx 
 et al. , 1993). These include a sparsely substituted acidic xylan, a highly branched 
heteroxylan and two types of soluble AX with different substitution patterns. 
Enzymatic fi ngerprinting is a helpful tool to study the structural features of AX 
(Saulnier and Quemener, 2009). A light scattering detector coupled with refractive 
index and UV detectors is usually used to characterise AX for molecular mass 
distribution (Andersson  et al. , 2009). 

 Mixed linkage (1→3) (1→4)- β - D -glucan (hereafter referred to as  β -glucan) 
is predominantly composed of (1→4)-linked  β - D -glucopyranosyl residues 

�� �� �� �� ��



214 Fibre- rich and wholegrain foods 

© Woodhead Publishing Limited, 2013

(~70%) interrupted by (1→3)-linked  β - D -glucopyranosyl residues (~30%) 
(Wood, 2001). Most of the (1→4) linkages are present in groups of two or 
three units, thereby resulting in a structure with predominantly (1→3) linked 
cellotriosyl and cellotetraosyl units. So far no evidence exists for two or 
more adjacent (1→3) linkages in the  β -glucan chain (Izydorczyk and Dexter, 
2008). The solution properties of  β -glucan depend upon amount, molecular 
weight, solubility/extractability and structure, and therefore changes in these 
properties will affect the physiological response of the polymer (Autio, 1996; 
Wood, 2002). The molar ratio of cellotriosyl to cellotetraosyl units differs 
between cereals and is an important determinant of the physicochemical properties 
(Autio, 1996). Cellotriosyl and cellotetraosyl units normally constitute 85–90% 
by weight of cereal  β -glucan and less than 15% form cellulose- like chains 
with more than three consecutive (1→4)-linked glucose residues (Izydorczyk 
and Dexter, 2008; Wood, 2007).  β -Glucan dominates in the endosperm cell walls 
of oats and barley, while it is less prominent in rye and wheat endosperm cell 
walls (Wood, 2007).  β -Glucan in oats is mainly located in the sub- aleurone layer, 
while in barley it is more evenly distributed throughout the endosperm (Cui and 
Wang, 2009). Structural fi ngerprinting can be carried out by hydrolysing the 
polymer by lichenase and measuring the oligosaccharides released (Saulnier and 
Quemener, 2009). Size exclusion chromatography with selective Calcofl uor 
detection is used to measure the molecular mass of the polymer (Rimsten  et al. , 
2003). 

 Cellulose is the most abundant organic macromolecule present on land 
(O’Sullivan, 1997). It is a linear polymer of (1→4)-linked  β - D -glucopyranosyl 
residues with a wide molecular weight distribution (Franz and Blaschek, 
1990). The  β -confi guration forces the chain to rotate, with anhydrocellobiose 
as the repeating unit. The extended molecules form fl at ribbons, which are 
further stiffened by intramolecular and intermolecular hydrogen bonds. Cellulose 
provides rigidity to the plant cell wall and protects the interior of the cell. In 
cereals, bran is usually a rich source of cellulose (Gropper  et al. , 2009). 

 Lignin, a polymer of phenyl- propanoids (Vanholme  et al. , 2010), is present in 
secondary thickened cell walls in the bran of cereal grains. It is a highly branched 
and complex polymer with strong intramolecular bonds (Ralph  et al. , 2004; 
Vanholme  et al. , 2010). It is regarded as a structural component of plants and is 
attached to heteroxylans found in the cell wall (Gropper  et al. , 2009). Lignin is 
insoluble in water and is considered to be a poor substrate for the colonic 
microfl ora. 

 Fructans, including fructo- oligosaccharides (FOS) with a degree of 
polymerisation (DP) 3–9, are soluble dietary fi bre components with prebiotic 
properties (Gibson and Roberfroid, 1995). Among cereals, rye has the highest 
content of fructans, up to 6.4% (Hansen  et al. , 2003). Chemically, fructans 
are polymers of  β - D -fructofuranosyl residues with a terminal glucose residue 
(Bornet, 2001; Smeekens  et al. , 1996). Plant fructans usually have a DP range 
of 5–60, with only a few species having DP up to 200. The elution profi les of 
rye (cv. Ottarp) and wheat (cv. Harnesk) fructans are presented in  Fig. 10.1 . 
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In wheat the intermediate DP fructan dominates, while rye has a signifi cant 
proportion of long chain fructan molecules. Based on the linkage pattern, fructans 
are divided into three groups: (1) inulin type with (2→1) linkages; (2) levan 
type with (2→6) linkages; and (3) graminan or mixed type with both (2→1) 
and (2→6) linkages. Inulin is present, for example, in chicory or Jerusalem 
artichoke and is the most widely studied fructan, while graminan- type fructans 
predominate in cereals (Roberfroid, 2005; Smeekens  et al. , 1996). FOS can be 
produced from inulin by acid hydrolysis or the action of transferase enzymes. The 
molecular weight distribution of fructan in cereals and cereal- based foods can 
be analysed by anion exchange chromatography with pulsed amperometric 
detection, while enzymatic methods are used for the quantifi cation of fructan 
(Rakha  et al. , 2010). 

Fig. 10.1 Fructan molecular weight distribution profi le of rye (cv. Ottarp) and wheat 
(cv. Harnesk). The line (-----) represents the chromatogram without fructanase treatment 
and (----) that with fructanase treatment. Unpublished data from the author’s 

laboratory.
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     10.2  Fibre enrichment of breads 
   10.2.1  Wholegrain 
 Wholegrain bread is considered to be a good source of DF, and the United States 
Department of Agriculture (USDA) Dietary Guidelines Advisory Committee 
(2005) recommends a minimum of three servings of whole grains per day. 
The DF content of wholegrain wheat fl our (100% extraction rate) is about 
12%, while that of sifted white fl our (75% extraction rate) is about 2.5% 
(Dewettinck  et al. , 2008), making white fl our a poor source of DF. Whole, cracked 
or crushed kernels can also be incorporated as a topping in crisp or soft 
breads or as an ingredient in soft bread, adding variety to these breads. The 
following defi nition was approved by the Whole Grain Council (WGC) in 2004: 
‘Whole grains or foods made from them contain all the essential parts and 
naturally- occurring nutrients of the entire grain seed. If the grain has been 
processed (e.g., cracked, crushed, rolled, extruded, and/or cooked), the food 
product should deliver approximately the same rich balance of nutrients that 
are found in the original grain seed’ (Whole Grain Council, 2010). The selected 
whole grains accepted by WGC and their DF values reported by the USDA 
National Nutrient Database SR 23 are presented in  Fig. 10.2 . There is a markedly 
wide range of DF content, from only 4.6% in brown rice to 15.1% in rye. Other 
cereal grasses such as canary seed, Job’s tears, montina, timothy, fonio, and 
so on are also included in the defi nition, but are less common. Legumes and 
oilseeds are not defi ned as whole grains by WGC, the American Association 
of Cereal Chemists (AACC) International or the American Food and Drug 
Administration (FDA). 

Fig. 10.2 Whole grains and their dietary fi bre content (% of fresh weight) as reported in 
the USDA (SR 23) database.
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    10.2.2  Bran 
 Bran obtained from wheat, rye, oat, rice, barley or other cereals offers the most 
promising prospects of DF fortifi cation in bread. The DF content of bran varies 
considerably within and between different bran samples; for example, the average 
content in oat bran is around 15%, while in corn bran it is as high as 79% 
( Fig. 10.3 ). Rye bran contains about 38% DF (dry matter basis), but when fructan 
is included according to the new Codex defi nition the content increases to about 
45% (Kamal-Eldin  et al. , 2009). Major components of DF in rye bran include AX 
(25%), fructan (7%),  β -glucan (5%), cellulose (6.5%) and Klason lignin (4.5%). 
Wheat bran contains comparable levels of total DF but varies in relative proportion 
of DF components. For example, the fructan and  β -glucan content is only half that 
in rye bran. Oat bran is a rich source of  β -glucan, with the content generally 
ranging from 5 to 9% (Luhaloo  et al. , 1998; Mälkki and Virtanen, 2001). The 
chemical composition of bran is found to vary with the milling effi ciency by 
which the endosperm is separated from the bran layers. Bran thus offers 
tremendous potential to raise the DF level in bread. Since bran and outer layers of 
grain are rich sources of vitamins, minerals and other bioactive components such 
as phenolics (Dervilly-Pinel  et al. , 2001; Dewettinck  et al. , 2008; Kamal-Eldin 
 et al. , 2009), addition of bran can result in a signifi cant increase in the nutritive 
value of bread. 

 However, the addition of bran can also result in increased content of heavy 
metals such as cadmium or other toxic substances such as mycotoxins present in 
the outer layers of the grain (EFSA, 2009: Question No EFSA-Q-2007-138). 
Furthermore, there is evidence that consumption of bran fi bre decreases mineral 
absorption. Phytic acid, which is present in the aleurone layer of bran, is known to 

Fig. 10.3 Dietary fi bre content (% of fresh weight) of major cereal brans as reported 
in the USDA (SR 23) database. The DF values (converted to fresh weight basis) for 
rye and barley bran are from Kamal-Eldin et al. (2009) and Sullivan et al. (2010), 

respectively.
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bind minerals such as Fe, Ca and Mg, thereby lowering their bioavailability 
(Ekholm  et al. , 2003; Idouraine  et al. , 1996).  

   10.2.3  Milling fractions 
 The non- uniform distribution of DF components within cereal grains allows the 
grain to be fractionated into fl our streams enriched in arabinoxylan and  β -glucan 
(Izydorczyk and Dexter, 2008). With modern milling and sieving techniques, it is 
possible to obtain fractions with as much as 20%  β -glucan (Wood, 2002). Pericarp 
and seed coat, outer layers which are low in  β -glucan, can be removed by pearling 
(Izydorczyk and Dexter, 2008). Air classifi cation is another technique widely used 
to obtain fractions rich in a particular compound, for example  β -glucan. With this 
technology, a fraction with 40–45% enrichment of  β -glucan can be obtained from 
high  β -glucan barley (Andersson  et al. , 2000). However, it is possible to achieve 
up to 62% enrichment of  β -glucan from barley through air classifi cation if the 
process is preceded by defatting (Izydorczyk and Dexter, 2008). Izydorczyk  et al.  
(2008) reported an increase from 0.2 to 3.0 g in total  β -glucan intake and from 
2.4 to 4.2 g in AX intake per serving of two- layer wheat fl at bread when 
supplemented with 20% fi bre- rich fraction of high amylose pin- milled barley. 
Such naturally obtained products retain maximum physiological functions and are 
preferred by the health- conscious consumer. Milling fractions provide a diversity 
of DF components compared with isolated fi bre concentrates.  

   10.2.4  Composite fl our 
 Composite fl our technology is widely used to selectively increase certain DF 
components in breads. In a study by Trogh  et al.  (2004) on yeast- leavened bread, 
up to 40% of the wheat fl our was replaced with hull- less barley fl our. 
Supplementation of barley fl our helped to increase the sum of AX and  β -glucan 
content from 1.7% in wheat fl our bread to 3.1% in composite fl our bread with 
acceptable sensory characteristics. The problem of decreased loaf volume was 
largely overcome by addition of specifi c xylanase, which preferentially converts 
the water- unextractable AX into soluble AX, thereby improving the baking 
performance of the fl our. Mariotti  et al.  (2006) produced wheat bread supplemented 
with 20% oat fl our with adjustments in the baking process. The selection of 
supplemented fl our with high falling number (i.e. low enzyme activity) may be 
important to avoid the endogenous enzyme- related degradation of  β -glucan 
(Andersson  et al. , 2008).  

   10.2.5  Bread enriched with fructan and/or fructo- oligosaccharides 
 In recent years the role of fructan in human health has been widely studied 
(Roberfroid, 2005). Consumption of fructan has been associated with improving 
gastrointestinal health and immune functions. The fructan content in various 
tissues varies depending on the growth stage of the plant. In grains, it is highest 
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during grain fi lling and the content decreases rapidly thereafter (Nardi  et al. , 
2003). That study found that common wheat contained 18.2% fructan 13 days 
after anthesis, which decreased to 3.7% 28 days after anthesis. Similarly, rye 
contained 30% fructan 13 days after anthesis, which decreased to 6.2% 28 days 
after anthesis. Inulin and its partial hydrolysate are white powders that are easy to 
incorporate into bread without changing crumb colour, which is the case when 
using bran or wholegrain fl our with dark particles (Meyer and Peters, 2009). 
Inulin- enriched breads should be baked for a shorter time, however, since inulin 
accelerates crust colouration via the Maillard reaction (Poinot  et al. , 2010).  

   10.2.6  Resistant starch 
 According to the new Codex defi nition, resistant starch (RS) is considered part of 
DF. RS is not digested by the enzymes present in the upper gut of humans, but is 
fermentable by the colonic microfl ora. Based on its origin, RS is divided into 
subclasses 1–4 (Englyst and Macfarlane, 1986). RS1 is physically inaccessible to 
digestive enzymes because of its presence in intact or partly disintegrated grains 
with a resistant botanical structure. RS2 is resistant to digestion due to the compact 
inaccessible structure of the granules, for example potato or green banana starch 
granules. RS3 is formed naturally from crystallisation of amylose after gelatinisation 
of starch granules. RS4 is formed during starch derivatisation when the functional 
properties are modifi ed by substitution or cross- linking of starch (Cummings and 
Stephen, 2007). The addition of RS as a source of DF in fi bre- enriched products 
offers some promising advantages compared with bran. It does not result in dark 
colour, which is usually a problem with addition of bran, and it gives better cell 
structure and loaf volume. Products containing RS also perform physiological 
functions similar to those of fi bre (Sajilata  et al. , 2006). The fi ne particle size of RS 
does not interfere with the dough matrix, a problem that is usually associated with 
high fi bre baking. The relatively low water absorption of RS compared with other 
fi bre sources is advantageous as it does not disrupt bread structure drastically and 
provides the bread with greater organoleptic appeal (Brown  et al. , 2001). The 
incorporation of high amylose maize (starch with more than 80% amylose) produces 
fi bre- enriched bread without compromising loaf volume, crumb colour or texture.  

   10.2.7  Fortifi cation with fi bre concentrate 
 Commercial fi bres from wheat, maize, oats and barley containing high amounts 
of total DF or individual DF components are available and can be incorporated 
to produce high fi bre bread (Sabanis  et al. , 2009a). Nutrim ®  and UltraTrim ™  
(FutureCeuticals, Inc.), Glucagel ®  (Polycell Technologies, Crookston, MN), 
OatWell (CreaNutrition AG, Switzerland) and Viscofi bre (Cevena Bioproducts, 
Inc., Edmonton, AB, Canada) are some examples of isolates/concentrates rich in 
 β -glucan. 

 Other sources of DF, such as gums, mucilages, pea fi bre, pectin, brewer’s spent 
grain, citrus pulp, potato skin, and so on, can also be incorporated into bread. In 
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addition, synthetic fi bres such as polydextrose and chemically modifi ed fi bres 
from lignocellulosic non- woody sources are potential sources. Some of these fi bre 
isolates or gums are added for technological purposes to impart favourable 
characteristics to the bread. Other fi bre concentrates carry specifi c DF components 
and provide certain health benefi ts.  

   10.2.8  Fibre enrichment of gluten- free bread 
 Gluten- free (GF) products are aimed to target the population suffering from 
coeliac disease, while retaining the maximum possible sensory and nutritional 
characteristics. Coeliac disease is an autoimmune genetic disorder that arises by 
inclusion of gluten in the diet (Hill  et al. , 2005). It is caused by a prolamin protein 
sequence specifi c to wheat (gliadin), rye (secalin) and barley (hordein) and occurs 
with a mean prevalence of about 1% in the global population (Green and Cellier, 
2007). Gluten, being a main structure- forming component in bread- making, is 
present mostly in wheat and gives elasticity to the dough, helps it to rise and keep 
its shape during baking, and gives a chewy texture to the bread (Gallagher  et al. , 
2004). Gluten removal therefore poses a tremendous challenge for bakers to 
produce acceptable GF breads. Since wheat, rye and barley fl our are mainly 
replaced by gluten- free starch in GF bread, the coeliac population generally does 
not meet the recommended daily intake of DF (Lee  et al. , 2009). 

 Rice comprises a major part of the typical GF diet and white rice has a very low 
DF content (Lee  et al. , 2009). To rectify this defi ciency of fi bre in coeliacs, GF 
breads can be supplemented with commercial fi bre made from oat, rice or maize 
bran. The addition of fi bre can impart favourable properties to the bread, as 
incorporation of 3% maize fi bre in GF bread usually produces higher loaf volume 
and softer crumb compared with non- fi bre GF bread (Sabanis  et al. , 2009a). In an 
optimised GF bread formulation reported by Sabanis  et al.  (2009b), the addition 
of 6.5% maize fi bre led to 5.2% DF content in bread loaves. The addition of maize 
fi bre to GF bread resulted in a better overall acceptability score compared with 
non- supplemented GF bread. The incorporation of RS or production of RS during 
processing offers promising prospects for fi bre enrichment of GF bread without 
impairing the organoleptic properties (Korus  et al. , 2009). In that study, 20% 
replacement of maize starch with maize RS resulted in an increase of up to 89% 
in total DF without impairing the total quality score of GF bread. It is reported that 
maximum intake of RS should not exceed 30 g/day, as this might have some 
adverse effects in the form of fl atulence and gastric problems (Nugent, 2005). 

 Other non- cereal fi bre sources also offer promising potential to increase the DF 
level in GF bread. Inulin can be incorporated into GF breads to enhance soluble 
DF. Incorporation of 8% inulin into wheat starch- based GF bread enhanced the 
DF content from 1.4% in the control to 7.5% (Gallagher  et al. , 2004). When 
incorporated into bread, inulin results in better dough stability and increased loaf 
volume, with improved crust colour and crumb texture. Pseudo- cereals such as 
buckwheat and amaranth, which have a high amount of DF, can also help to meet 
the DF defi ciency in GF breads (Alvarez-Jubete  et al. , 2009). Therefore partial or 
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complete replacement of starch with these cereals can help to alleviate the DF 
defi cit in the diet of coeliacs. Oat is also a GF cereal but is frequently contaminated 
with wheat during growing, harvesting and processing. New production, handling 
and processing protocols have been developed by several companies to ensure 
absolutely pure oats that can be used as a GF ingredient. Different hydrocolloids 
such as gums (guar gum, xanthan, locust bean gum) and mucilages are also 
incorporated in GF baking as binding agents and offer a gluten substitute in bread- 
making (Gallagher  et al. , 2004). In this way, the DF content of GF bread can be 
increased with acceptable quality. Therefore the enrichment of GF bread with 
various fi bres not only provides signifi cant amounts of DF, but also offers 
tremendous technological benefi ts, resulting in products with better organoleptic 
properties.   

   10.3  Processing 
 Processing is essential to make food palatable, as it adds variety and results in 
modifi cation of food properties. Some of the process- induced modifi cations are 
favourable, while others can have adverse impacts on the nutritional quality of 
food (Slavin  et al. , 2000). The importance of judicious processing and the use of 
whole grain ingredients was already laid down by Hippocrates, who wrote:

  And this I know, moreover, that to the human body it makes a great difference 
whether the bread be fi ne, or coarse; of wheat with or without the hull, whether 
mixed with much or little water, strongly wrought or scarcely at all, baked or raw- 
and a multitude of similar differences . . . Whoever pays no attention to these things, 
or, paying attention, does not comprehend them, how can he understand the diseases 
which befall a man? (Hippocrates, 400 BC)   

 Different processing parameters, such as mixing, endogenous enzymes, 
temperature, fermentation, pH, and so on, can result in signifi cant degradation 
of major DF components during baking (Åman  et al. , 2004; Andersson  et al. , 
2009; Andersson  et al. , 2004; Westerlund  et al. , 1989). Higher temperature 
is reported to break the glycosidic linkages in DF polysaccharides, resulting in 
depolymerisation (Selvendran and Robertson, 1994). The extent of this effect is 
dependent on the intensity of heat treatment. 

   10.3.1  Total DF 
 During bread- making, the total content of DF changes depending upon the 
processing conditions (Andersson  et al. , 2009; Laurikainen  et al. , 1998). A varying 
quantity of RS is formed depending upon processing and ingredients, which 
accounts for the variation in total DF (Westerlund  et al. , 1989; Sajilata  et al. , 
2006). Fructans are sensitive to yeast fermentation, which may result in signifi cant 
loss of soluble DF (Hansen  et al. , 2002; Praznik  et al. , 2002). Hansen  et al.  (2002) 
observed a 4 g/100 g (dry matter basis) decrease in DF in imitated sourdough 
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compared with rye fl our, but the baking process did not signifi cantly affect DF 
content. In contrast to total DF, there is an increase in the content of soluble DF, 
partly because some insoluble DF is converted to soluble DF (Vasanthan  et al. , 
2002). The relative proportion of water- extractable DF has also been found to 
increase during baking, to 31% of total DF in bread, compared with 23% water- 
extractable DF in raw fl our (Hansen  et al. , 2002). In a recent study on the DF 
content of rye products, the huge variation found was attributed to variations in 
ingredients and processing conditions (Rakha  et al. , 2010). In the studied products, 
the DF content in soft breads ranged from 7.9 to 17.5% (average 12.6%), while 
that in crispbreads ranged from 13.0 to 19.8% (average 17.8%).  

   10.3.2  Arabinoxylan 
 Bread- making results in increased soluble AX content (Trogh  et al. , 2004) but 
total content decreases (Andersson  et al. , 2009). Mixing, fermentation and baking 
result in the solubilisation of the arabinoxylan molecules (Cleemput  et al. , 1997). 
This increased solubilisation can partly be ascribed to physical phenomena 
that result in disaggregation of the weakly bound AX chains (Rouau, 1993). 
Endogenous pentosanases also play a role during bread- making (Cleemput  et al. , 
1997). Their action is dependent on processing conditions, pre- treatment of fl our 
and structure of AX, such as extent of AX association with other components and 
the substitution pattern on the AX chain (Cleemput  et al. , 1997; Rouau, 1993). 
After dough kneading in one study, more than 10% of the water- unextractable AX 
became soluble and at the end of fermentation about 25% became soluble, in the 
absence of added enzymes (Rouau  et al. , 1994). In that experiment the ratio of 
water- extractable AX to water- unextractable AX was 0.4 in fl our and 0.9 in fully 
fermented dough. This increase in solubility was attributed mostly to physical 
phenomena, that is, temperature increase and mechanical input. The solubility 
becomes much higher if baking enzymes are added during processing (Cleemput 
 et al. , 1997; Rouau  et al. , 1994; Trogh  et al. , 2004). The oven baking process itself 
has been reported to decrease the degree of solubilisation of AX molecules, as the 
bread crumb has less soluble AX than the corresponding dough (Rouau  et al. , 
1994; Westerlund  et al. , 1989). 

 The bread- making process affects the molecular weight distribution of 
AX by reducing the high molecular weight fraction (Andersson  et al. , 2009). A 
comparison of the AX molecular weight distribution profi le of rye fl our and breads 
is given in  Fig. 10.4 . The fl our is shown to have a narrower distribution profi le. 
The soft breads and crispbreads exhibit marked degradation, with a shift of the 
population towards low molecular weight. Cleemput  et al.  (1997) also observed a 
reduction in molecular weight of water- extractable AX during mixing and 
fermentation. Since no mechanical input was involved during fermentation, 
the decrease in molecular weight was attributed to endoxylanases. This decrease 
was ascribed to either increased solubilisation of lower molecular weight AX 
or depolymerisation of water- extractable AX. Sourdough bread usually has 
a lower average molecular weight than other soft breads or crispbreads (Andersson 
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 et al. , 2009). This highlights the role of pH in degradation of AX during the bread- 
making process. 

 The role of endogenous enzymes during bread- making was investigated by 
Debyser  et al.  (1999), who observed that breads containing purifi ed endoxylanase 
inhibitor had signifi cantly lower volume than those without added inhibitors. 
Endogenous enzymes are also active during refrigeration of dough and are 
responsible for the degradation of AX (Gys  et al. , 2003). This degradation of AX 
results in decreased water- holding capacity of the polymer and increased dough 
syruping. The farinograph dough consistency also decreases, for example from 
640 BU immediately after mixing to 505 BU after 8 h refrigerated storage (Gys 
 et al. , 2003). Initially, during refrigeration of dough the level of water- soluble AX 
was reported to increase from 0.84% to 1.41% due to solubilisation of water- 
unextractable AX. It is recommended to use xylanase inhibitors (Courtin  et al. , 
2005; Poulsen and Sørensen, 2001) or competitive inhibition by adding xylan 
(preferentially degraded by endogenous endoxylanases compared with native 
AX) to the dough during refrigeration (Atwell, 1998). The unsubstituted xylan 
from birchwood or oat spelt acts as a competitive inhibitor for endoxylanases 
native to wheat grain that are responsible for syruping in refrigerated dough. 
These techniques can be used during the bread- making process to avoid 
degradation by endogenous enzymes. It can therefore be inferred that degradation 
of arabinoxylan is associated with both physical and enzymatic factors during 
bread- making.  

   10.3.3   β -Glucan 
 Of the three major DF components, arabinoxylan,  β -glucan and fructan,  β -glucan 
is the most sensitive to different processing parameters (Andersson  et al. , 2009). 
The viscosity of  β -glucan in solution is mainly controlled by concentration, 

Fig. 10.4 Molecular weight distribution profi le of β-glucan (----) and arabinoxylan (––) 
of rye fl our, crispbreads and soft breads. The dotted lines (.......) around the molecular 
weight distributions of soft breads and crispbreads show the standard deviations. Data 

adapted from Rakha et al. (2010).
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molecular weight distribution and structure (Wood, 2002; Wood, 1991). The 
effectiveness of oat  β -glucan in controlling postprandial glucose and insulin levels 
in the blood is dependent on its viscosity (Anttila  et al. , 2004; Cui and Wang, 2009; 
Tosh  et al. , 2008; Wood  et al. , 1994). Similarly, the role of  β -glucan in lowering 
plasma cholesterol is believed to be associated with its viscosity in the human 
intestine (Wolever  et al. , 2010). Therefore depolymerisation and degradation of 
the polymer adversely affect the functional properties of cereal  β -glucan. 

 The endogenous enzymes present in the fl our work very rapidly when hydrated 
and result in a decrease in molecular weight of the polymer (Andersson  et al. , 
2008). Since the endo  β -glucanases present in cereals attack randomly, the 
decrease in molecular weight is very rapid. For example, within 11+6 min of 
fermentation during the making of rye crispbread with added oat fi bre, a 73% 
decrease in molecular weight of  β -glucan was observed (Andersson  et al. , 2008). 
Signifi cant effects of endogenous  β -glucanases on viscosity development profi les 
have also been reported in barley samples (Izydorczyk  et al. , 2000). Along with 
endogenous enzymes, microbial contamination during grain handling contributes 
enzymes capable of degrading  β -glucan (Mälkki and Virtanen, 2001). The roles of 
different stages in the bread- making process on the degradation of  β -glucan are 
summarised in  Table 10.1 . Overall, there is a huge loss of the long chain fraction 
of  β -glucan during bread- making ( Fig. 10.4 ). A comparison of the distribution 
profi les of rye fl our and breads demonstrates the degradation and shift towards 
low molecular weight of  β -glucan during bread- making. The fl our has a unimodal 
distribution profi le, while the bread has a bimodal distribution with a shift into a 
population of low molecular weight chains during processing ( Fig. 10.4 ) (Åman 

Table 10.1 Effect of bread making on molecular weight (MW) and extractability of 
β-glucan

Process in 
bread- making

β-Glucan MW Extractability Reference

Bread- making ↓ ↑ Åman et al. (2004); Andersson 
et al. (2009); Andersson et al. 
(2008); Andersson et al. (2004); 
Trogh et al. (2004)

Mixing ↓ ↑ Andersson et al. (2004); Trogh 
et al. (2004)

Yeast – – Andersson et al. (2004)
Proving/
fermentation

↓ ↑ Andersson et al. (2004); Trogh 
et al. (2004); Andersson et al. 
(2008)

*Baking – – ↑ Andersson et al. (2008); Andersson 
et al. (2004); Trogh et al. (2004)

Notes: (↑ = increase), (↓ = decrease), (– = no effect).
* Baking may increase the extractability in non- fermented dough or may leave it unchanged in 
fermented dough. The effects are usually small.
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 et al. , 2004; Rakha  et al. , 2010). Different soft breads and crispbreads vary in their 
molecular weight distribution profi le of  β -glucan. 

 Dough mixing and fermentation result in a signifi cant decrease in the molecular 
weight of  β -glucan (Andersson  et al. , 2004). Reducing the  β -glucanase activity in 
dough can help to maintain  β -glucan molecular weight and thereby the nutritional 
value of the bread. The level of  β -glucanase activity differs between cultivars 
(Izydorczyk  et al. , 2000; Knuckles and Chiu, 1999) and therefore it is important 
to use cultivars with low endogenous  β -glucanase activity. Cultivars with high 
falling number (low enzyme activity) maintain higher  β -glucan molecular weight 
in bread (Andersson  et al. , 2008). Grain texture can also play a very important 
role in determining the fate of  β -glucan during processing. Partly milled or 
crushed grains or bran with coarse particles when included in the bread maintain 
 β -glucan molecular weight and content better than fi nely milled fl our (Åman 
 et al. , 2004) ( Fig. 10.5 ). The use of ingredients and processing parameters that 
minimise the degradation of extractable  β -glucan, such as short fermentation and 
dough mixing time during bread- making and the incorporation of bran with large 
particle size, is recommended. 

 The bread- making process also affects the extractability of  β -glucan 
( Table 10.1 ). The polymer becomes more extractable during processing, probably 
due to a decrease in molecular mass, and hence the short chain molecules are 
more easily extractable. The increase in solubility of  β -glucan is usually dependent 
on processing conditions (Vasanthan  et al. , 2002). Hydrothermal treatment 
intended to open up the physical barriers to water absorption renders  β -glucan 
more soluble, while drying makes it less extractable (Mälkki and Virtanen, 2001). 
Hydrothermal treatment also inactivates the endogenous  β -glucanase, thus 
avoiding depolymerisation. Other techniques such as autoclaving followed by 

Fig. 10.5 β-Glucan molecular weight distribution profi le of coarse and fi nely 
milled oat bran fermented for 10 min (––) and 40 min (----). Data adapted from Åman et al. 

(2004).
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sonication have been shown to increase the extractable  β -glucan content 
signifi cantly on an experimental scale (Izydorczyk  et al. , 2000). The use of 
proteolytic action to disrupt the association of  β -glucan with protein molecules 
also renders it more extractable (Izydorczyk  et al. , 2000). The increased 
extractability is generally a positive aspect of processing if degradation can be 
minimised. While comparing the extractability of  β -glucan in crispbreads (29%) 
and soft breads (35%), it was found that the soft breads usually had a higher 
amount of extractable  β -glucan, but relatively more degradation of  β -glucan 
(Rakha  et al. , 2010). A sample of extruded crispbread had the highest extractability 
(47%) and maintained molecular weight better than the other soft breads and 
crispbreads analysed. The extractability was found to increase with increasing 
temperature and moisture content during extrusion cooking (Vasanthan  et al. , 
2002). In summary, the extractability and molecular weight of cereal  β -glucan are 
of nutritional importance and can be manipulated by physical, thermal and 
enzymatic treatment.  

   10.3.4  Fructan 
 Degradation of fructan during bread- making has been demonstrated in different 
studies (Andersson  et al. , 2009; Hansen  et al. , 2002). The content of fructan was 
reported to decrease from 6.2% in rye whole meal to 4.6% in freshly prepared 
dough, 4.1% after proving and 3.4% in bread crumbs (Hansen  et al. , 2002). Yeast 
plays an important role in bread- making. It can degrade fructan, resulting in a 
signifi cant decrease in the soluble fraction of DF. Soft breads or crispbreads baked 
with yeast are usually low in fructan compared with those baked without yeast 
(Rakha  et al. , 2010). The decrease in fructan content has been found to be higher 
during sourdough baking (62%) than in yeast- leavened (32%) and air- leavened 
crispbreads (6%) (Andersson  et al. , 2009). 

 Short DP fructan molecules are usually preferred by yeast. The particle size 
of the incorporated fructan source, also plays an important role in determining the 
fate of fructan in bread. Coarse particles or whole grains sprinkled on top of 
the bread retain most of the fructan. A comparison of the fructan distribution 
profi le of breads made from milled and whole rye kernels is given in  Fig. 10.6 . 
The relative proportion of short DP fructan is signifi cantly less in bread with 
fi nely milled rye kernels, while the longer DP fructans are similar in both types of 
bread. The preference of yeast for low DP inulin has also been reported by Meyer 
and Peters (2009), who observed 53% loss of inulin with average DP 8 and only 
15.5% loss of inulin with average DP 23 when supplemented in bread. Findings 
by other authors (Mitterdorfer  et al. , 2001; Praznik  et al. , 2002) also corroborate 
the disposition of yeast for low DP fructans. 

    10.3.5  Resistant starch 
 The most relevant form of RS during baking is RS3, which is not present in 
unprocessed fl our but is formed as a result of bread- making due to crystallisation 
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of gelatinised starch during cooling (Englyst and Macfarlane, 1986). Crystallisation 
of amylopectin (RS3a) is slow and mainly occurs during storage of bread, while 
crystallisation of amylose (RS3b) is more rapid and forms more stable crystals. 
Repeated heating and cooling of baked products is reported to increase the content 
of RS3, since nucleation takes place at the lower temperature and growth of 
crystals at the higher temperature (Eerlingen  et al. , 1993; Yadav  et al. , 2009). 
Therefore varying processing conditions and ingredients result in different 
amounts of RS in products and their fractions (Dewettinck  et al. , 2008; Westerlund 
 et al. , 1989). Increasing the baking time and temperature can result in higher RS 
formation, as reported by Dewettinck  et al.  (2008). The amount of moisture during 
processing has been found to be critical for the formation of RS3 in extruded 

Fig. 10.6 Fructan molecular weight distribution profi le of bread made from whole 
and milled rye kernels. The line (-----) represents the chromatogram without fructanase 
treatment and (----) that with fructanase treatment. Unpublished data from the 

author’s laboratory.
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barley fl our (Vasanthan  et al. , 2002). In that study, increasing the amount of water 
from 20% to 50% doubled the RS3 content in the extruded product. However, 
Dewettinck  et al.  (2008) noted decreased RS formation with increasing amount of 
water in bread. Furthermore, high amylose starches are more prone to 
retrogradation and hence can be used to prepare breads with high RS content 
(Cummings and Stephen, 2007). Sourdough bread is also reported to contain 
higher amounts of RS due to debranching of amylopectin chains under acidic 
conditions (Brighenti  et al. , 1998; Dewettinck  et al. , 2008). Eerlingen and Delcour 
(1995) summarised amylose/amylopectin ratio, polymer chain length, lipid 
content, presence of other constituents and process conditions after starch 
gelatinisation as possible factors infl uencing the formation of RS. It is consequently 
possible to increase the content of RS3 by modifying processing parameters such 
as moisture, heating time and temperature, pH, number of heating and cooling 
cycles, freezing and drying (Sajilata  et al. , 2006).   

   10.4   Properties of dietary fi bre- enriched dough 
and breads 

   10.4.1  Dough properties 
 The physical and rheological properties of fi bre- enriched dough vary greatly 
depending upon the extent of substitution, source of fi bre and pre- processing 
(Rosell  et al. , 2009). The addition of fi bre infl uences the pasting characteristics of 
the starch (Santos  et al. , 2008) and interferes with the starch–gluten matrix (Gan 
 et al. , 1992). The high water- holding capacity of DF components results in 
increased farinographic water absorption, as the added fi bre competes for water 
with gluten, starch and intrinsic DF (Rosell  et al. , 2010; Skendi  et al. , 2009). 
Increased farinographic water absorption was observed when 20% wheat fl our 
was replaced by oat fl our (Mariotti  et al. , 2006). Almeida  et al.  (2010) compared 
the water absorption of three different fi bre sources added to wheat fl our and 
found that locust bean gum presented the highest water absorption index, followed 
by wheat bran and RS in that order. Skendi  et al.  (2009) investigated the impact 
of molecular weight of  β -glucan on dough water absorption and observed that 
high molecular weight  β -glucan gave higher water absorption values than low 
molecular weight  β -glucan. Dough water absorption also varies with the ratio of 
soluble DF and insoluble DF in the fi bre source (Katina, 2003). The size of fi bre 
particles controls the rate of water absorption, as large particles absorb water more 
slowly than fi ne particles. Increased water absorption can decrease the crispness 
of the crust. The higher water absorption by fi bre incorporated into dough can be 
advantageous for processors, who can get a higher yield of bread units per unit 
fl our on a fresh weight basis (Izydorczyk  et al. , 2008). 

 In contrast to other fi bres, addition of inulin to dough has been shown to 
decrease the water absorption (Meyer and Peters, 2009). To solve this problem 
carboxymethylcellulose (CMC) has been added, particularly in dough with short 
DP inulin. The extensibility of dough decreases and dough development time 
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increases with increasing level of wheat bran (Sudha  et al. , 2007). Mariotti  et al.  
(2006) observed a sharp decline in dough stability from 15.3 min with 100% 
wheat fl our to 5.9 min with 20% replacement with oat fl our. Unlike bran, the non- 
starch polysaccharides, that is, AX and  β -glucan preparations, added in small 
amounts to wheat dough signifi cantly increase peak dough resistance and mixing 
stability (Izydorczyk  et al. , 2001). These polymers also increase the dough 
strength of weaker fl our. However, increased levels of cell wall material result in 
poor mixing and signifi cant dough weakening (Rosell  et al. , 2010). Pre- hydration 
or enzyme treatment of the fi bre- rich fraction are reported to improve bread 
quality (Izydorczyk and Dexter, 2008).  

   10.4.2  Organoleptic properties of bread 
 The organoleptic properties of bread play a major role in consumer choice of a 
particular type of bread. With the addition of DF, certain organoleptic properties 
of bread may be negatively affected, depending upon the source and content of the 
DF. The DF enrichment of bread from bran usually results in a darker colour that 
might not be appealing to the consumer. Polyphenol oxidase can lead to 
discoloration of, for example, barley- based foods (Quinde-Axtell  et al. , 2006). 
However, techniques including steam heating, pearling, enzyme inhibition and 
exclusion of oxygen may be used to avoid discoloration. Ames  et al.  (2006) 
describe infrared heat treatment as an effective tool to slow down the darkening of 
tortilla dough. Taste also plays a very important role in consumer choice of a 
particular bread. For example, wholemeal breads, particularly those containing 
bran, may have a slight bitterness (Bakke and Vickers, 2007; Heiniö  et al. , 2003). 

 Decreased loaf volume, poor mouth feel and slight off- fl avour are other 
problems associated with breads containing high DF from bran. Addition of 
defatted rice bran to dough produces bread with signifi cantly less volume and fi rm 
crumb (Abdul-Hamid and Luan, 2000). The decreased loaf volume in breads 
supplemented with DF from different sources has been attributed to dilution of the 
gluten network, among other factors (Trogh  et al. , 2004). For example, in a study 
by Krishnan  et al.  (1987), the volume of bread decreased by 20% with 15% fi nely 
milled oat bran replacement. This adverse effect of bran on loaf volume can be 
overcome to a large extent by a combination of fi ne grinding and pre- soaking of 
wheat bran in water (Lai  et al. , 1989). However, since microorganisms are present 
on the bran layer of grain, care must be taken during soaking of bran to avoid 
microbiological hazards (Katina, 2003). Pre- fermentation of bran by yeast or 
lactic acid bacteria and addition of sourdough are other important tools to 
compensate for loaf volume in high fi bre baking (Salmenkallio-Marttila  et al. , 
2001). Inulin supplementation is also associated with decreased loaf volume. This 
decrease in bread volume is directly correlated with inulin DP, with the largest 
decrease occurring with high DP (Meyer and Peters, 2009). Likewise,  β -glucan 
with high molecular weight results in higher loaf volume than  β -glucan with low 
molecular weight (Lazaridou and Biliaderis, 2007). Tenderness of bread is also 
affected adversely by inulin addition and the effect is more pronounced with long 
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chain molecules, although still acceptable. The addition of inulin can result in 
crust coloration and crumb hardness (Poinot  et al. , 2010). However, with slightly 
decreased baking time (17 min instead of 20 min for normal bread), bread can be 
produced containing up to 5% inulin with overall acceptability similar to white 
bread (Poinot  et al. , 2010). The shorter baking time is also advantageous from an 
energy point of view.   

   10.5  Conclusion 
 Dietary fi bre has been shown to provide numerous health benefi ts in both human 
and animal models, targeting, for example, maintenance of healthy cholesterol 
level, gut health, glycaemic index and satiety. It has therefore become imperative 
in modern food guide pyramids to include a suffi cient amount of DF in the 
daily diet. Bread is considered a staple food across the globe and hence can act 
as a carrier of DF. However, addition of DF to bread can negatively affect 
its technological and organoleptic properties, and slight modifi cations may be 
required in processing parameters. Processing should be designed on the principle 
of ‘do no harm’, that is, care must be taken in the selection of processing methods 
and conditions such that these do not impair the physiological properties of the 
DF or compromise bread appeal.   
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 Performance of resistant starches in 
baking: a case study on fi bre- rich 
and wholegrain muffi ns  
    A.   Salvador and     S.   Fiszman,    Instituto de Agroquímica y Tecnología de 
Alimentos (CSIC), Spain   
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  Abstract:  The chapter begins by discussing the basic concepts of resistant starches as 
a source of fi bre and their application in bakery products. It then reviews the physical 
properties of muffi ns, including rheology, colour and texture characteristics, and the 
effects of addition of resistant starches on these properties. The chapter also includes a 
study of sensory shelf- life during storage, sensory descriptive analysis and consumer 
acceptability of muffi ns made with resistant starch.  

   Key words:    resistant starch, fi bre, muffi ns, rheology, texture, sensory.   

    11.1  Introduction 
 Many fi bre- enriched foods have been developed with the aim of increasing 
the fi bre consumed in the diet. However, one general problem of these products 
is their low sensory quality, which makes them less acceptable to consumers. 
Resistant starch (RS) is a recently recognized source of fi bre. RS is defi ned 
as the sum of starch and the products of starch degradation not absorbed 
in the small intestine of healthy individuals (Asp and Björck, 1992). According 
to the latest defi nition of dietary fi bre (De Vries, 2003), RS is considered 
dietary fi bre, and it is included in the offi cial method for measuring Total Dietary 
Fibre (TDF), AOAC 991.43 (Haralumpu, 2000). Some of the benefi ts of 
RS resemble those of traditional fi bre and others are unique. RS possesses 
remarkable health benefi ts. One of its interesting characteristics is its pattern 
of fermentation in the colon, principally its short chain fatty acid profi le. 
In particular, butyrate production during colonic fermentation of RS is higher 

�� �� �� �� ��



Performance of resistant starches in baking 237

© Woodhead Publishing Limited, 2013

than during the fermentation of other dietary fi bres. Also, RS has been found to 
reduce the glycaemic response. 

 RS has been classifi ed into four types (Champ, 2004). RS type 1 refers to 
physically inaccessible starch found in starchy foods that have not been 
fractionated and refi ned. RS type 2 comprises native RS granules, such as 
those that are present in green bananas or raw potatoes. RS type 3 refers to 
retrograded starch. Since the fi rst commercial RS was introduced in Australia in 
1993 (Sajilata  et al. , 2006), sources of RS2 and RS3 have been commercially 
available for use in foods. Of particular interest is the high thermal stability of 
RS3, which allows it to remain stable during most normal cooking operations. 
Finally, RS type 4 corresponds to highly chemically modifi ed starch. RS4 is not 
authorized in Europe, although it is in Japan. On the European market, commercial 
sources of RS2 and RS3 are available. Among the newest developments in RS is 
an RS2 that remains resistant after mild food processing. Compared with 
conventional fi bres, it has many advantageous features. It is white and has a 
bland fl avour and a fi ne particle size between 10 and 15  μ m. It also has a reduced 
caloric content and may be used as a bulking agent to complement reduced 
sugar or reduced fat formulations. With a TDF content of approximately 40%, 
RS2 can be used alone or as a functional complement to other fi bre sources 
and can be labelled simply as ‘cornstarch’. Commercial RS has a much lower 
water- holding capacity than various traditional fi bres, because it absorbs less 
water, and adjustments in product formulations and processing are substantially 
minimized. 

 Apart from the potential health benefi ts of RS, another advantage is its lower 
impact on the sensory properties of the food in comparison to traditional sources 
of fi bre such as whole grains or bran. This makes RS a more suitable option for 
producing fi bre- enriched food with high consumer acceptability. In order for a 
novel, nutritionally functional ingredient to be accepted by the food industry and 
consumers, benefi cial physiological effects as well as high sensory acceptability 
need to be demonstrated (Australian National Food Authority, 1994). 

   11.1.1  Uses of RS in bakery products 
 Scientifi c research on how RS affects the physical and sensory properties of 
foods is scarce. However, some studies on bread, cookies and muffi ns have 
been conducted. The effects of pea starch with high level of RS on wheat 
dough functionality were evaluated by Sanz-Penella  et al.  (2010). Flour 
substitution by pea starch with a high level of RS, up to 20%, allowed the 
mechanical, extensional and viscometric parameters to be retained without 
signifi cant hindering of dough machinability. However, Ozturk  et al.  (2009) found 
that loaf volumes of the breads decreased and fi rmness increased with RS 
supplementation above 10–20%. Aparicio-Sanguilán  et al.  (2007) used an 
experimental RS-rich product obtained from lintnerized banana in cookies and 
found no difference in preference between the RS cookies and the control sample 
without RS. In short- dough biscuits, addition of a RS- rich ingredient increased 
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the breaking strength and crumbliness and reduced the resistance to penetration 
(Laguna  et al. , 2011). They found that RS concentrations below 40% produced 
biscuits with the same sensory acceptability and consumption intention as the 
control sample. In muffi ns, several studies have been developed taking into 
account rheological, textural and sensorial aspects. This chapter reviews the 
technological aspects of adding RS2 to a sweet bakery product such as muffi ns 
or cakes, studying the effects of RS both in the batter and in the fi nal properties of 
the baked products.   

   11.2  Muffi n batter 
   11.2.1  Flow properties of the batter 
 The viscosity of the batter system is a controlling factor for the fi nal product 
volume, due to its effects on bubble incorporation and movement (Bath  et al. , 
1992; Handleman  et al. , 1961; Kim  et al. , 2001). The rate at which bubbles rise 
due to buoyancy (related to the tendency to fl oat) is inversely proportional to 
viscosity. Thus, rapidly rising bubbles in a low viscosity muffi n batter may result 
in fi nal volume loss. Higher muffi n batter viscosities help to incorporate more air 
bubbles into the batter and keep them from escaping from the mass, giving the 
complete system more stability. Coalescence (the formation of a single bubble 
by the union of two or more colliding bubbles) is the most important process 
by which cells disappear in porous bakery products, and it too is prevented by 
increasing the viscosity of the medium. 

 The effect of replacing wheat fl our with different amounts of RS on the 
performance of a muffi n batter formulation during baking and the relationship 
between this effect and the linear viscoelastic properties of the raw batter before, 
during and after heating have been studied by Baixauli  et al.  (2008a). They found 
that an increase in RS content (from 5% to 20%) caused a progressive decrease in 
the apparent viscosity values ( Fig. 11.1 ). 

 Their data showed a good fi t ( r  > 0.99) to the power- law equation  η  =  k  ·  γ.    n −1  
( η  = apparent viscosity,  k  = consistency index,  γ.  = shear rate and  n  = fl ow index), 
within the experimental shear rate range studied (from 1 to 100 s −1 ): increasing the 
RS content brought about a signifi cant decrease in consistency ( k ) and in shear 
thinning behaviour ( n  value closer to 1), indicating that the structure was less 
complex and the shear thinning properties had become less pronounced 
( Table 11.1 ). This effect has been attributed to the dilution of the wheat fl our 
protein in the system, an important component for structure development during 
mixing (Loewe, 1993), as the increased RS content of the muffi n batter is 
associated with a lower wheat fl our content. In fact, the decreased viscosity of 
the raw batter as RS levels increase is not a favourable factor for the stability 
of the batter and the quality of the fi nal baked product. Many authors have related 
a decrease in batter viscosity to low fi nal quality, mainly associated with an 
increase in the buoyancy of the air bubbles and a denser fi nal texture 
(Lakshminarayan  et al. , 2006). Lee  et al.  (2005) found that substituting Oatrim 
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(20%, 40% and 60%) for shortening in a cake decreased the batter viscosity and 
the fi nal volume, although the addition of up to 20% did not affect the general 
quality. 

    11.2.2  Viscoelastic properties of the batter 
 The determination of viscoelastic behaviour obtained through small amplitude 
oscillatory shear (SAOS) gives very valuable information about the structural 
properties of a system. A small sinusoidal strain (or stress) is applied and the 
resulting stress (or strain) is measured. Provided that these values are obtained 

   Fig. 11.1     Infl uence of RS level replacing fl our on the fl ow properties of a muffi n batter at 
25°C. Control: no fl our replacement.     

    Table 11.1     Consistency index ( k ) and fl ow behaviour index ( n ) at 25°C for muffi n 
batters with increasing levels of resistant starch (RS)  

 RS 
 (% w/w, d.b.) 

  k  
 (Pas n ) 

  n  

 0   (control)  23.6 a    (2.9)  0.55 a    (0.01) 
 5  16.4 b    (1.8)  0.58 a,b    (0.03) 
 10  15.6 b    (0.8)  0.60 b    (0.02) 
 15  7.7 c    (0.9)  0.71 c    (0.02) 
 20  3.7 d    (0.3)  0.85 d    (0.03) 

   Notes:  a–d  Means in the same column without a common letter differ ( P  < 0.05) according to the least 
signifi cant difference multiple range test. 
   Values in parentheses are standard deviations. 
   w/w, weight/weight; d.b., dry basis.     
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within the linear viscoelastic domain, the results may be considered a sort of 
fi ngerprint of the material’s structure. 

 In addition, the changes that the batter undergoes during heating are critical in 
determining the quality of the fi nal baked product, and SAOS is highly suitable 
for studying structural changes during heating, since it allows the process to be 
monitored without altering the evolving sample structure. 

 Baixauli  et al.  (2008a) found that batters in which different proportions of 
wheat fl our were replaced by RS behaved like a  soft gel , that is to say, their elastic 
modulus G′ values were slightly higher than viscous modulus G″, and both moduli 
values were signifi cantly frequency- dependent within the frequency range studied 
( Fig. 11.2 ). Increasing the RS content caused a (slight) decrease in both G′ and G″ 
values and no changes in the loss tangent values (loss tg = G″/G′) were found. These 
results indicate a (slight) decrease in the degree of structuring of the system due to 
the addition of RS, but without a signifi cant effect on the type of structuring attributed 
to the proportional contribution of the elastic and viscous components. Different 
studies have shown a decrease in consistency and in viscoelastic properties when 
wheat fl our is partially replaced with either wheat starch or modifi ed corn starch in 
other types of batter system (for covering food to be fried); this effect has been 
attributed to the dilution of the wheat fl our proteins (Sanz  et al. , 2005). Similarly, a 
higher protein content in different types of wheat fl our has been associated with 
higher G′ and G″ values (Navickis  et al. , 1982), measured at room temperature. 

 The structural changes that take place during heating are further determining 
factors for bubble formation and stability and for the fi nal baked texture (Shelke 

   Fig. 11.2     Infl uence of RS level in muffi n batters (%RS w/w, d.b.) on the frequency 
dependence of the elastic modulus G′ (solid symbols) and on the viscous modulus G″ 

(open symbols) at 25°C. Shear stress wave amplitude: 0.1 Pa.     
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 et al. , 1990). To simulate conditions during baking, Baixauli  et al.  (2008a) studied 
linear viscoelastic properties while applying a temperature sweep from 25 to 
85°C. They found that increasing the amounts of RS in the muffi n batter decreased 
the values of both viscoelastic moduli ( Fig. 11.3 ). Initially, in the temperature 

   Fig. 11.3     Infl uence of RS level in the batter on the evolution of G′ (solid symbols) and G″ 
(open symbols) with temperature. Heating rate: 0.017 1C/s. Strain wave amplitude: 0.0007 
(control, 5% and 10% RS) and 0.001 (15% and 20% RS). Frequency: 1 Hz: (a) control 

versus 5% RS; (b) control versus 10% RS. (Continues overleaf. )   
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   Fig. 11.3      ( Continued ) (c) Control versus 15% RS; and (d) control versus 20% RS.     

range from 25 to 35–40°C, they observed that both viscoelastic moduli values 
showed a very slight tendency to increase, a trend that was also found by Ngo and 
Taranto (1986) and was attributed to protein–protein interactions. From 35–40°C 
to around 55°C, they found a decrease in both moduli values. These results agree 
with previous observations in cake batters by other authors (Lee  et al. , 2005; Ngo 
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and Taranto, 1986). In this temperature range, CO 2  is formed; it diffuses into 
occluded air bubbles and expands, producing a decrease in the density of the 
batter. Baixauli  et al.  (2008a) also found differences in the evolution of the loss 
tangent (tg  δ ) with temperature for the different RS contents of the batters 
( Fig. 11.4 ). While a slight decrease in tg  δ  values was registered in the control and 
the lower RS content samples in the temperature range studied, samples with 15% 
and 20% RS, especially from 50 to 70°C, showed an increase in the values of this 
parameter, which has to be interpreted as a decrease in the elastic contribution of 
the system. 

 In agreement with the results found in the temperature sweep, increasing the 
RS content lowered the values of both viscoelastic functions at 85°C ( Fig. 11.5(a) ). 
In addition, the tg  δ  values clearly grew steadily closer to 1 as the RS content of 
the muffi n batter increased ( Fig. 11.5(b) ), refl ecting a decrease in the elastic 
contribution to the viscoelastic behaviour of the system (more like a fl uid) 
(Baixauli  et al. , 2008a). Since the wheat fl our content was reduced proportionately 
to the RS incorporated into the batter, the effects described may be attributed to a 
progressive decrease in the structuring effect of starch and wheat protein in the set 
structure. It should be pointed out that at the highest RS level (20%) only 6% of 
wheat fl our was present in the system. 

   Fig. 11.4     Infl uence of RS level in the muffi n batters on the evolution of loss tangent 
values (tg  δ ) with temperature. Heating rate: 0.017 1C/s. Strain wave amplitude: 0.0007 

(control, 5% and 10% RS) and 0.001 (15% and 20% RS). Frequency: 1 Hz.     
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     11.3  Muffi n properties 
   11.3.1  Colour properties 
 During muffi n- making, which involves oven baking, a large quantity of Maillard 
reaction products is formed. These compounds are responsible for colour, as well 
as contributing to the fl avour and texture properties (Pino and González-SanJosé, 

   Fig. 11.5     (a) Infl uence of RS level in the batter on the frequency dependence of the 
elastic modulus G′ (solid symbols) and the viscous modulus G″ (open symbols) and (b) on 
the loss tangent values (tg  δ ) at 85 °C. Shear stress wave amplitude: 0.5 Pa (control), 0.4 Pa 

(5%, 10% and 15%), and 0.2 Pa (20%).     

�� �� �� �� ��



Performance of resistant starches in baking 245

© Woodhead Publishing Limited, 2013

2002). During cooking the humidity decreases, generating a decreasing humidity 
gradient from the inside part of the muffi n towards its surface (Thorvasldsson and 
Skjöldebrand, 1998). In the external layer, the water content is quickly reduced as 
the temperature rises, the sugars are thermally degraded and the fi rst Maillard 
reactions take place. These steps are a prelude to the formation of the typical dark 
crust of these products. In the interior of the muffi ns the water loss is lower, 
relatively high water activity continues and the temperature does not exceed 
105°C. Under these conditions Maillard reactions progress more slowly; therefore 
the crumb is only slightly coloured (González-Mateo  et al. , 2009). 

 Colour is directly related to the quality of fi nal products, including consumer 
acceptance and preference. Variations in muffi n formulation can affect the muffi n 
colour. For example, adding RS to muffi ns produces changes in their colour, as 
Baixauli  et al.  (2008b) found. The higher the concentration of RS, the lower the 
redness, yellowness and, consequently, the chroma of the muffi ns. The ‘white’ 
colour of the RS dilutes the pigmented elements of the formulation. For the same 
reason, the brightness and hue values increase with RS concentration. In order to 
ascertain whether colour differences can be appreciated by the human eye, it can 
sometimes be important to calculate the total colour differences ( Δ E*), using 
Eq. 11.1:

  Δ  E * = (( Δ  L *) 2  + ( Δ  a *) 2  + ( Δ  b *) 2 ) 1/2  [11.1]  

 The following values can be used to determine whether the total colour difference 
is visually obvious (Bodart  et al. , 2008):

    Δ E* < 1, colour differences are not obvious to the human eye  
   Δ E* > 3, colour differences are obvious to the human eye.    

 In the case of muffi ns with RS, the  Δ E* value increases as the concentration of RS 
rises. At 5% and 10% RS, the colour differences are probably not appreciated by 
the human eye (1 <  Δ E* < 3), whereas at 15% and 20% RS the colour differences 
are obvious to the human eye ( Δ E* > 3), as the samples are less yellow and have 
less colour (Baixauli  et al. , 2008b).  

   11.3.2  Muffi n texture analysis 
  Freshly baked muffi ns 
 Texture is one of the main characteristics of bakery products that can be affected 
by the addition of fi bre. It can be determined by instrumental or sensory methods. 
Instrumental methods offer some advantage over sensory analysis because they 
are rapid and objective. Baeva  et al.  (2000) made a study of texture (sensory and 
instrumental) to compare normal and energy- reduced sponge cakes; Sahi and 
Alava (2003) studied the crumb structure of sponge cakes to evaluate the effect of 
different emulsifi ers; texture profi le analysis (TPA) of cake crumb was performed 
by Singh Gujral  et al.  (2003) to study the effect of the addition of sodium 
lauryl sulphate; and Kamel and Rasper (1988) investigated the effect on cake 
crumb fi rmness of reduced- calorie cakes with sorbitol or polydextrose to replace 
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sugar. Baixauli  et al.  (2008b) compared the infl uence of replacing increasing 
proportions of wheat fl our with four different levels of RS on the textural 
properties of freshly baked muffi ns and the changes that took place during 
two weeks’ storage. They found that the ‘hardness’ values of the muffi ns with 
RS were signifi cantly lower ( P  < 0.05) than those of the control muffi ns and 
that, although the decrease in hardness was not linear with wheat replacement, the 
lowest hardness value corresponded to the highest concentration of RS (20%). 
The springiness, cohesiveness and resilience of the muffi ns decreased as the 
RS rose, although this decrease was only clear and signifi cant from 15% RS 
onwards ( Fig. 11.6 ). A possible explanation of the lower resilience and 
springiness when RS is added is that the product matrix becomes denser: at higher 
RS levels the number and area of the gas cells and the height of the fi nal baked 
muffi ns have been found to decrease (from 4.70 cm for the control to 3.84 cm 
for the muffi n with 20% RS) (Baixauli  et al. , 2006) and the samples lose the 
ability to recover after deformation. A volume reduction in bread with  β -glucan 
addition has been attributed to gluten dilution resulting in an underdeveloped 
gluten network, which limits the extent of dough expansion and gas cell stability 
during proving and leads to reduced loaf volume (Symons and Brennan, 2004). 
Similar results were found by Tudorica  et al.  (2002) in pasta enriched with dietary 
fi bre: the signifi cantly reduced fi rmness and elasticity values obtained with fi bre 
addition were related to the fi bre’s disruption of the protein–starch binding during 
pasta matrix formation. 

   Textural changes during muffi n storage 
 Staling is one of the most important attributes in muffi n quality. Muffi n staling is 
a complex process that includes loss of fl avour, changes in mouth texture, loss of 
tenderness, humidity redistribution and partial dryness. Baixauli  et al.  (2008b) 
studied textural changes (TPA) in muffi ns prepared with different RS levels over 

   Fig. 11.6     Effect of different RS concentrations on TPA parameter values for muffi ns.     
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a 16-day storage period. They found that the ‘hardness’ value of the control muffi n 
and muffi ns with 5, 10 and 15% RS tripled over 16 days of storage whereas 
muffi ns with 20% RS were softer than the other muffi ns, as their hardness value 
only doubled over the 16 days of storage ( Fig. 11.7(a) ). The ‘springiness’ 
parameter did not provide useful information ( Fig. 11.7(b) ), as the differences 

   Fig. 11.7     TPA parameter values of muffi ns with different RS concentrations as a function 
of storage time: hardness (a), springiness (b). (Continues overleaf.)     
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   Fig. 11.7     ( Continued ) Cohesiveness (c) and resilience (d).     

with storage time were not signifi cant, but the values were lower in the presence 
of RS. ‘Cohesiveness’ and ‘resilience’ showed a signifi cant fall over the storage 
period ( Fig. 11.7(c), (d) ), although these decreases were lower for the 15% and 
20% RS samples. Consequently, higher concentrations of RS were effective in 
preventing a sharper drop in these parameters. These results are in agreement with 
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Yue and Waring (1998), who found that muffi ns formulated with 40% of RS 
remained softer than the control over a 2-week storage period. 

      11.4  Sensory shelf life of muffi ns 
 Storage stability or the shelf life of baked products could be defi ned as maintenance 
of the sensory and physical characteristics associated with freshness, such as 
crumb tenderness, compressibility and moistness, by preventing alterations 
associated with staling during storage (Guy, 1983; Paeschke, 1997). However, 
sensory methods are the only ones that make it possible to assess consumer 
acceptance. Consumers expect a product with a soft, spongy, tender crumb, but 
also a certain degree of resistance rather than crumbling easily; these characteristics 
worsen with storage time and, in general, consumer rejection of the product occurs 
before any microbiological spoilage makes it unsuitable for human consumption 
(Hough  et al. , 2003). Different methods may be used to determine the sensory 
shelf life of a food product using consumer data. In the failure cut- off point 
method, shelf life is determined as the time when the fi rst signifi cant change in 
overall acceptability is detected. At this time, consumers detect a change in 
sensory characteristics compared with the fresh product. However, this does 
not mean that consumers would refuse to consume the product (Giménez  et al. , 
2007). In order to estimate the sensory shelf life based on consumer rejection 
of a food product, survival analysis can be applied. The use of survival 
analysis to study the shelf life of foods is quite a novel technique. Survival 
analysis, a branch of statistics, is extensively used in clinical studies, epidemiology, 
biology, sociology, and reliability studies (Kleinbaum, 1996; Klein and 
Moeschberger, 1997; Meeker and Escobar, 1998; Gómez  et al. , 2001; Gómez, 
2002). Hough  et al.  (2003) introduced this methodology into the study of 
food shelf life. Their key concept is to focus the shelf- life risk on the 
consumers’ rejection of the product rather than on product deterioration. Survival 
analysis has been used to estimate the shelf life of some baked products, such as 
white pan bread (Gámbaro  et al. , 2004), brown pan bread (Giménez  et al. , 2007) 
and muffi ns (Baixauli  et al. , 2008b). 

 Baixauli  et al.  (2008b) calculated the shelf life of muffi ns prepared with RS 
using survival analysis and the Weibull distribution. The percentage of rejection 
by consumers versus storage time is shown in  Fig. 11.8 . It will be seen that the 
shapes of the curves were different for the two different levels of RS (control and 
20%). During the early days of storage, the rejection percentage was lower for the 
control muffi ns than for the 20% RS muffi ns, probably because the controls 
reminded the consumers more of a typical muffi n fl avour and texture. As time 
went on, however, the reverse was found: rejection was higher for the control 
muffi ns than for the 20% RS muffi ns. This could be because the texture of the 
20% RS muffi ns changed less over time, as mentioned above. After 23 days of 
storage the predicted percentage of rejection by consumers for the muffi ns 
prepared with RS was lower than for the control sample. 
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    11.5  Sensory characteristics of muffi ns 
   11.5.1  Descriptive sensory analysis 
 Sensory evaluation of food products, especially by consumer panels, has re- emerged 
as an invaluable science in conjunction with nutritional research and functional 
food development (Scholtz and Bosman, 2005). However, sensory evaluation using 
a trained descriptive panel is also required for a fuller assessment of the effects of 
fi bre use on the wide range of parameters involved (Meilgaard  et al. , 1991). 

 The effect of adding different types of fi bre on the sensory analysis of a baked 
product has been studied by several authors. Grigelmo-Miguel  et al.  (1999) 
evaluated the sensory characteristics of muffi ns in which high levels of peach 
dietary fi bre replaced fl our; these muffi ns had a good fl avour and mouthfeel 
and were as spongy as traditional muffi ns, although slightly darker. Baixauli  et al.  
(2008c) studied the attributes that describe muffi ns when RS is used as a fi bre. 
They used a panel of eight assessors with wide experience in descriptive analysis 
to determine the sensory profi le of muffi ns with RS. In their work, it is interesting 
to emphasize that from the preliminary sensory sessions, in addition to traditional 
attributes of bakery products such as ‘sweetness’, ‘taste’, ‘odour’, ‘chewiness’ 
or ‘springiness’, other new attributes appeared that were distinctive for muffi ns 
with RS as a fi bre. These were ‘number of gas cells’, ‘grittiness’ and ‘moisture’. 
These authors found signifi cant differences for all the descriptors as the RS 
level in the samples increased. Six of the descriptors (‘typical odour’, ‘number of 
gas cells’, ‘springiness’, ‘chewiness’, ‘cohesiveness’ and ‘typical taste’) received 
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   Fig. 11.8     Percentage of consumers rejecting control and 20% RS muffi ns versus 
storage time.     
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signifi cantly lower scores compared with the control, while the ‘grittiness’, 
‘sweetness’ and ‘moisture’ scores rose with the addition of RS ( Fig. 11.9 ). 

 The higher ‘grittiness’ score for the addition of RS indicates that the perception 
of particles can be important as a textural characteristic. The ingredient used has a 
fi ne particle size, between 10 mm and 15 mm, yet despite this small size it was 
detected by the panellists. Fondroy  et al.  (1989) found that when an oat straw fi bre 
fraction (fl uffy cellulose) was added to a lean white cake the presence of the fi bre 
altered the product by leaving a gritty mouthfeel after swallowing. Imai  et al.  (1995) 
reported that particle concentration, dispersion medium and particle size are all 
important factors that contribute to perceived grittiness; they also observed that the 
perceived grittiness decreased as the viscosity of the dispersion medium increased. 

 The panellists’ scores for the ‘moisture’ descriptor rose with the addition of 
RS, whereas the instrumental measurement of moisture showed that the values 
fell. The perception of moisture could be related to the ‘number of gas cells’ 
descriptor. The panellists found fewer big gas cells as the RS in the formulations 
increased, but more small gas cells (Baixauli  et al. , 2008c). In baked products, 
small cells in the crumb are directly related to the perception of an even surface 
and a fresh product (Cauvain  et al. , 1999). This perception of a smooth surface 
could be the reason why the panellists perceived greater moisture as the RS 
concentration in the muffi ns increased.  

   11.5.2  Consumer acceptability 
 Consumer research in the early stages of new product development makes it possible 
to go farther and deeper into understanding consumer needs, often well beyond 

   Fig. 11.9     Evolution of sensory attributes when RS was added to the muffi ns.     
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what could be understood without them (Van Kleef  et al. , 2005). Clark and Johnson 
(2002) studied the sensory acceptability of muffi ns enriched with lupin kernel fi bre, 
fi nding that the addition of this fi bre did not change the consumer rating of the 
muffi ns’ appearance signifi cantly, although it lowered the consumer ratings for 
‘overall acceptability’, ‘fl avour’ and ‘texture in mouth’. Ramcharitar  et al.  (2005) 
evaluated the consumer acceptability of muffi ns with fl axseed on sensory attributes 
such as ‘appearance’, ‘colour’, ‘fl avour’, ‘texture’ and ‘overall acceptability’ by 
hedonic scoring; they obtained lower scores for all sensory attributes. Baixauli  et al.  
(2008c) assessed the consumer acceptability of muffi ns enriched with RS on 
‘appearance’, ‘texture’, ‘taste’, ‘overall acceptance’ and ‘consumption intention’. 
They did not fi nd signifi cant differences in ‘taste’, ‘overall acceptance’ and 
‘consumption intention’ ( Fig. 11.10 ). However, although the ‘appearance’ attribute 
did not differ signifi cantly between the control and 5% RS, probably due to the 
similarity of their external appearance, the scores were lower at higher RS 
concentrations; this could be related to the height of the fi nal baked muffi n, which 
falls as the RS in the formulation is increased (Baixauli  et al. , 2008a). For ‘texture’, 
they reported that the RS muffi ns were rated higher than the control, demonstrating 
that the addition of RS improved the perception of this attribute. These results are in 
agreement with Yue and Waring (1998), who found that when RS type 2 and RS 
type 3 were added to cake- like muffi ns they acted as a texture modifi er, imparting a 
favourable tenderness to the crumb. 

     11.6  Conclusion 
 Used as a muffi n ingredient, RS modifi es a number of properties of the batter and 
the fi nal product. Generally speaking, the batters are technologically compatible 

   Fig. 11.10     Consumers’ sensory scores of muffi ns containing resistant starch.     
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with the manufacturing process, as their rheology is not radically altered, but the 
quantity and size of the air bubbles incorporated into them is affected, resulting in 
a denser batter. The fi nal products are acceptable. Their colour is lighter and their 
height lower. A certain degree of graininess appears among the sensory 
characteristics, but the texture is perceived as being moister and more tender. 
Good communication of the characteristics and benefi ts of RS is important, as 
consumers can fi nd their expectations confused by the differences compared with 
traditional fi bres such as bran.  
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  Abstract:  This chapter discusses the effects of dietary fi bre (DF) and outer grain parts 
on extrusion processing of expanded foods and summarizes the ongoing research in 
development of high DF foods with improved structural and sensory profi le. The chapter 
fi rst outlines the basics of extrusion processing and the infl uence of both fi bre addition 
and fi bre type on the product quality and then discusses how the extrusion processing 
can be used to tailor fi bre properties.  

   Key words:    dietary fi bre, extrusion, extrudate quality.   

    12.1  Introduction 
 There is a remarkable demand worldwide to design foods with high nutritional 
profi le. Research evidence on the health benefi ts of dietary fi bre (DF) has brought 
with it the need to increase DF content in food products. The challenge is to 
combine high fi bre and wholegrain content with low saturated fat, sugar and salt 
contents and nevertheless produce acceptable sensory appeal. Extruded food 
products are one of the cereal product categories in which an increased fi bre level 
would offer a nutritional benefi t. According to the Nutrition Labeling and 
Education Act of 1990 USA, extruded snacks can be labelled as ‘good source’ or 
‘high fi bre source’ if the DF amount per serving is at least 2.5 or 5 g, respectively 
(Eastman  et al. , 2001). Implementing the data from Healthy Eating Index 
2005 and MyPyramid, the US developed a classifi cation system based on the 
nutrient composition of foods ( http://www.health.gov/DietaryGuidelines/dga
2005/document/ ). In the Nutrition and Health Claims directive of the European 
Union (EU), foods can be claimed to be a source of fi bre at the level of 3 g 
DF/100 g and a good source at 6 g/100 g, provided they fulfi l the other nutritional 
profi le requirements (Annex I, EC No 1924/2006). 
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 Extrusion technology is one of the processing techniques to design expanded 
food matrices. Food extrusion applications can be found as early as the 1930s for 
processing of cereals, snack foods and texturized foods (Ilo  et al. , 2000). Extrusion 
technology enables formulation and design of a large variety of food products. It 
can be used either to form ready-to-eat foods (snacks, cereals, pasta, confectionery) 
or to modify food ingredients which can form solid, semi- solid and liquid products 
after preparation steps for consumption. Structure–texture properties of the 
expanded food products strictly depend on the operational parameters. 

 The structural elements of an extruded food product are formed  via  the 
physicochemical changes occurring in the raw materials. It is known that extrusion 
processing results in irreversible changes in starch granules and polymers, 
denaturation of proteins and formation of starch–lipid, protein–lipid and protein–
protein complexes (Lai and Kokini, 1991; Cremer and Kaletunç, 2003, 
Hagenimana  et al. , 2007). Cereal extrudates consist of a continuous starch matrix 
and a discontinuous protein phase (Hermansson, 1988). It has been suggested that 
structural segregation within the extruded material occurs due to formation of 
protein fi brils (Noguchi, 1989). It is a food engineering challenge to design 
palatable extruded foods containing a large amount of DF, since polymer matrices 
with high levels of DF have low expansion capability. The majority of high DF 
products exhibit poor textural (high hardness and low crispiness) and morphological 
(small pores, high density) properties. In this chapter the aim is to review the 
effects of DF and outer grain parts on extrusion processing of expanded foods, 
and summarize the ongoing research into development of high DF foods with 
enhanced palatability.  

   12.2  Extrusion cooking 
   12.2.1  Extruders in cereal processing 
 Extruders are screw reactors, and extrusion is a series of processes which includes 
mixing, forming, puffi ng and drying. Single and twin screw extruders are the two 
main types of extruders based on screw confi guration. Twin screw extruders can 
be co- rotating or counter- rotating depending on direction of rotation. The screws 
help in conveying and mixing of raw materials, and fi nally transform the dry mix 
into plastic melt, which is forced through a die. In general, there are three different 
zones where structural transformations take place ( Fig. 12.1 ). The fi rst one is the 
feeding section, where the raw materials are fed to the extruder. At this stage 
initial mixing occurs, with or without water. In the second part, which is called the 
compression section, pressure is built up due to increase in temperature by either 
heating coils or friction. The fi nal transformation takes place in the metering zone, 
where the dry mixture forms a homogeneous viscoelastic material. The transitions 
in this zone control the structure, texture, colour and fl avour of the product. 
Expansion occurs right after this stage at the die exit due to temperature and 
pressure drop (Eastman  et al. , 2001).  Table 12.1  summarizes some features of 
both single and twin screw extruders. 
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    12.2.2  Operational parameters important for product properties 
 Product quality of extruded food products depends on integrated factors such as 
screw confi guration, die design and process variables, besides ingredient 
properties and preconditioning steps.  Figure 12.2  summarizes the paths describing 
how each of these parameters infl uences the fi nal product quality. 

 Feed moisture content, screw speed and temperature are the factors which 
control the density of the extrudate. Increased feed moisture rates reduce the 
elasticity of both the dough and the fi nal material obtained, which is a highly 
plasticized melt with reduced specifi c mechanical energy and degree of 
gelatinization. This will cause low expansion rate, resulting in dense products. 
Increased barrel temperatures will form superheated water in the extruder, which 
promotes bubble formation and reduces the product density. Increased feed rates 
at low water content, or increasing water content at low feed rate, were reported 
to result in extrudates with a hard texture (Ding  et al. , 2006). Extrudate expansion 
is strongly infl uenced by the melt rheology and biopolymer interactions, as 
reviewed recently by Xie  et al.  (2012). Melt viscosity in conjunction with moisture 
content controls the expansion profi le during extrusion. High melt viscosity at 
high moisture content levels results in products with low expansion, whereas high 
melt viscosity at low moisture content levels results in improved expansion due to 
higher stored energy of biopolymers (Xie  et al. , 2012). Chen and Rizvi (2006) 
reported that higher expansion rates can be achieved from high viscosity melts. 
High melt viscosity causes reduction in gas diffusion rates, which improves 

   Fig. 12.1     Sections of an extruder and expansion mechanism.     

    Table 12.1     Comparison of single and twin screw extruders  

 Single screw extruder  Twin screw extruder 

 Simple/economic  Expensive 
 Easy to operate  Diffi cult to operate 
 Suitable for foods with < 4% fat, 10% 
sugar and 30% water 

 Better mixing capability, extended product 
range < 20 % fat, 40% sugar, 65% 
moisture 

   Source: Adapted from Chen and Rosenthal (2009).     
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bubble growth. Elastic properties of polymer melts can be evaluated by extensional 
viscosity measurements (Cogswell, 1994). In order to simulate the extrusion 
processing conditions, a pre- shearing rheometer can be used to collect rheological 
data of starch polymer melts. Also, in- line rheometers allow real time rheological 
characterization during processing. Under the same thermal conditions different 
shear rates can result in varying expansion rates (Vergnes  et al. , 1987). High 
shearing regimens will form low viscosity melts due to shear thinning and 
extension thinning behaviour of starch. 

 The operational parameters of screw speed, torque input and barrel temperature 
are the factors which determine the fi nal product quality and also DF functionality 
in the product. Extrusion processing at temperatures above 150°C and below 
180°C with a moderate screw speed of 200 rpm was found not to infl uence total DF 
content (Gualberto  et al. , 1997). Under high shearing of wheat bran and wholegrain 
wheat at high temperature and barrel pressure profi les, insoluble DF was found to 
be solubilized (Camire  et al. , 1990; Björck  et al. , 1984; Aoe  et al. , 1989). 

 Increasing the screw speed increased longitudinal expansion and lowered 
radial expansion in DF-containing extrudates. An increase in screw speed will 
apparently cause a decrease in melt viscosity and an increase in elasticity, creating 
a more homogeneous moisture distribution. High screw speed rates lowered 
residence times, which resulted in decreased starch gelatinization in corn starch 
and grit extrusion (Chinnaswamy and Hanna, 1988; Fletcher  et al. , 1985; Lue 

   Fig. 12.2     Operational variables controlling extruded product quality (based on Guy, 2001).     
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 et al. , 1991). Combination of high DF levels (30%) and high screw speed rates 
resulted in formation of surface distortion, called ‘sharkskin’ in polymer extrusion 
(Lue  et al. , 1991). This is a common cause of failure for extrusion of non- food 
polymer melts, which generally occurs at high stretching rates where the surface 
structure fails (Miller and Rothstein, 2004). 

 The glass transition (Tg) property is an important process- dependent factor 
which is associated with physicochemical properties of foods and infl uences, for 
example, product stability. After expansion in the extruder, the material under 
cooling crosses to the glassy region. Lazou and Krokida (2011) showed that in 
extruded corn–lentil snacks the glass transition temperature of the products was 
infl uenced by feed rate, extrusion temperature and lentil to corn fl our ratio.   

   12.3   Effects of dietary fi bre (DF) on the extrusion process 
and product quality 

   12.3.1  Fibre- induced changes in extrusion 
 Addition of DF to the reaction mixture has a large effect on material transformations 
in extrusion. These changes are also largely dependent on the type of DF source 
used. Jin  et al.  (1995) observed that increasing soy DF content (10–40%) resulted 
in close- textured, less expanded products with thick cell walls in soy fi bre–corn 
meal extrudates. Lue  et al.  (1990) found a similar trend with oat bran and corn 
meal extrudates. Increasing bran content can cause structural defects of air cell 
rupture, which will affect the expansion rate (Mendonca  et al. , 2000; Moore  et al. , 
1990). Typically about 10–30% of cereal brans have been used in extrusion 
studies. Increasing the amount of DF results in reduced expansion, tough and non- 
crisp textures. Increasing the sugar beet fi bre content in corn meal (0–30%) 
resulted in decreased diameter but longer extrudates, meaning that radial 
expansion decreased whereas longitudinal expansion increased (Lue  et al. , 1991). 
The size of air cells was directly related to the radial expansion rate. Pectin 
addition (10%) in corn extrudates also reduced the radial expansion, which 
was due to an increase in melt viscosity (Yanniotis  et al. , 2007). The increase 
in melt viscosity is associated with the water absorption index at high barrel 
temperatures (T > 150°C). 

 The interaction between DF and water occurs through polar and hydrophobic 
interactions. The type and degree of interaction vary with the nature of the DF 
preparation. Cereal brans are challenging DF ingredients due to their insoluble 
nature. Wheat bran, commonly used as a DF source, consists of insoluble particles 
containing protein and starch in addition to DF. Due to the incompatibility of bran 
particles with other raw materials, they act as fi llers, and so their presence 
infl uences the characteristic properties of the system, such as mechanical and 
physical properties, particle size distribution, and orientation of polymers within 
the food matrix (Robin  et al. , 2011a). Particle size distribution of bran was shown 
to infl uence the expansion rate (Guy, 1985). Most of the insoluble fi bres go 
through minor structural changes during extrusion, causing structural anisotropy, 
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which increases extensional viscosity. It can be hypothesized that the extent of the 
structural anisotropy can be reduced by reducing the bran particle size. Coarse 
particle- sized fi bre preparations can interrupt the matrix, disrupt the bubble wall 
fi lm and result in failure of gas cells before expansion (Guy, 1985). However, 
Blake (2006) found that reduction of cellulose particle size to less than 60  μ m did 
not improve the sectional expansion. 

 Chassagne-Berces  et al.  (2011) studied the effects of adding oat and wheat 
bran (0, 10, and 20%) to wholegrain and white wheat fl ours on extrusion. 
Regardless of DF source, the addition of bran caused a decrease in expansion rate 
and the cell size, and an increase in cell wall thickness. Water absorption capacity 
of the DF preparation infl uences the expansion rate. The available water within 
the food matrix also controls the extent of starch gelatinization. 

 For the majority of food processing techniques, water is known to be an 
excellent plasticizer. For starch-based extruded products it promotes both rupture 
and formation of new hydrogen bonds. Different types of DF ingredients have 
different tendencies towards water absorption. They compete for water with 
starch and protein in the food matrix and inhibit its availability for starch 
gelatinization. Reduced rate of starch gelatinization has a negative infl uence on 
expansion rate (Yanniotis  et al. , 2007; Chevanan  et al. , 2009; Stojceska  et al. , 
2010). Pai  et al.  (2009) compared unmodifi ed corn bran, alkali- treated bran and 
alkali- soluble bran at the level of 26% DF as additives in extrusion of cornmeal. 
Alkali- soluble bran, with molecularly dispersed highly branched DF polymers of 
lower molecular weight, resulted in expansion almost as high as the control 
without DF, whereas the insoluble bran gave limited expansion due to presence of 
high content of cross- linked non- dispersed molecules. Pai  et al.  (2009) concluded 
that, to obtain good extrudate expansion, the shear viscosity of the melt should be 
low enough to promote bubble growth and expansion, but high enough to prevent 
bubble collapse. The type of DF has an important effect here. 

 Robin  et al.  (2011a–d) recently reported a detailed study about the inclusion of 
wheat bran in wheat fl our extrusion to achieve DF levels of 12.6 and 24.4% 
in the product. Regardless of the bran concentration, Robin  et al.  (2011b) found 
that increasing both the barrel temperature and the screw speed increased 
the number of cells, while, on the other hand, increasing the water content 
decreased the number of cells. Under the same operating conditions it was found 
that bran concentration had an adverse effect on the volumetric expansion rate. 
At the same time, the infl uence of extrusion operating conditions was found 
to be less effective as the bran concentration increased. The combination of 
low barrel temperature, water content and screw speed gave favourable 
conditions for sectional expansion of wheat bran- enriched extrudates (Robin  et al.  
2011b). According to Robin  et al.  (2011b), the nucleation mechanisms for fi bre- 
containing extrudates are slightly different from those of their counterparts. The 
authors claim that adding nucleation agents such as bran would decrease the free 
energy barrier and result in early nucleation in the die, favouring longitudinal 
expansion. The higher amount of bran was found to cause early bursting of air 
bubbles, which resulted in shrinkage. It was concluded that the overall changes 
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were associated with not only the rheological differences between the continuous 
starch matrix and the fi ller bran particles, but also their low compatibility and 
interacting effects.  

   12.3.2  Effect of fi bre type on extrudate quality 
 Dietary fi bre sources are highly variable, and both chemical and physical 
properties and the presence of associated compounds can vary signifi cantly. 
Cereal DF preparations typically contain cellulose, lignin and hemicelluloses as 
well as polyphenolics as DF components, and most often also contain starch and 
protein as impurities, whereas fruits and vegetables are sources of gums, pectin 
and mucilage. The purity, solubility and other polymer properties largely infl uence 
the performance of DF preparations in various food applications, as well as in 
extrusion (Elleuch  et al. , 2011). Molecular weight, together with degree and 
pattern of branching, controls polymer functionality. High molecular weight fi bre 
polymers with large hydrodynamic radii result in high viscosity dispersions. The 
molecular weight of soluble DF preparations (corn fi bre gum, arabinogalactan 
and Carboxymethyl cellulose (CMC) was found to play a signifi cant role in 
determining the degree of expansion (Kale  et al. , 2010). 

 Various DF sources have been studied in extrusion, the main ones being wheat, 
oat and corn brans, and soya and beet fi bres ( Table 12.2 ). The different performance 
of two different types of DF ingredients was demonstrated by Yanniotis  et al.  
(2007), who used commercial pectin obtained from a mixture of vegetable 
and fruit sources and wheat fi bre (94.5% insoluble fi bre and 2.5% soluble fi bre) 
alone and in combination in the production of extruded cornstarch snacks. These 
very different types of fi bres had different effects on mechanical and structural 
properties. For instance, the insoluble wheat fi bre decreased the radial expansion, 
whereas pectin was found to have less effect. Pectin reduced the fracture of 
air cell walls by increasing the extensibility. The extrudates produced with 
higher amounts of wheat fi bre and less pectin showed instability on the surface of 
extrudates, which is a major problem in polymer extrusion. The melt fracture 
caused periodic spiral formation ( Fig. 12.3 ). In order to avoid the problem, the 
critical wall shear stress at the die exit has to be determined and should not be 
exceeded. 

 Wheat fi bre and pectin had opposite effects on hardness and porosity of 
the extruded samples (Yanniotis  et al. , 2007). Wheat fi bres increased hardness 
and reduced porosity, whereas pectin decreased hardness and increased porosity. 
Thus it was claimed that the undesired effects of insoluble fi bre on product 
texture can be overcome with the addition of soluble fi bres. On the other hand, 
there were no data on the interaction between the two types of fi bres. The superior 
performance of solubilized and partially hydrolysed corn fi bre as compared with 
insoluble corn bran as an extrusion ingredient (Pai  et al. , 2009) is discussed in 
Section 12.3.1. 

 Particle size of insoluble DF ingredients is probably one criterion infl uencing 
extrusion parameters. For instance, the particle size reduction of wheat bran to an 
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    Table 12.2     Examples of fi bre- rich ingredients used in extrusion  

 Fibre type  Starch ingredients  Authors 

 Whole grain  Wheat fl our  Björck  et al. , 1984 
 Wheat bran  Caprez  et al. , 1986 
 Wheat bran  Corn starch  Aoe  et al. , 1989 
 Wheat bran and oat fi bre  Corn meal  Lue et al.  , 1990 
 Sugar beet fi bre  Corn meal  Lue  et al. , 1991 
 Soy fi bre  Corn meal  Jin  et al. , 1994 and 1995 
 Wheat/Oat/Rice bran  –  Gualberto  et al. , 1997 
 Apple pomace  –  Hwang, 1998 
 Oat  Corn fl our  Liu  et al. , 2000 
 Corn bran  Corn meal  Mendonca  et al. , 2000 
 Cassava bran  Cassava starch  Hashimoto and Grossmann, 

2003 
 Orange pulp  –  Larrea  et al. , 2005 
 Rye bran  –  Gumul and Korus, 2006 
 Pectin and wheat bran  Corn starch  Yanniotis  et al. , 2007 
 Wholewheat fl our  –  Cheng and Friis, 2008 
 Wheat bran  Wheat fl our  Gajula  et al. , 2008 
 Distillers dried grains  Soy and corn fl our  Chevanan  et al. , 2009 
 Blueberry pomace  White sorghum  Khanal  et al. , 2009 
 Corn fi bre  Corn meal  Pai  et al. , 2009 
 Corn bran  –  Kale  et al. , 2010 
 Oat and wheat bran  Wholewheat fl our  Chassagne-Berces  et al. , 

2011 
 Oat bran, inulin  Corn starch  Lobato  et al. , 2011 
 Guar gum  Maize, potato, rice and 

wheat fl our 
 Parada  et al. , 2011 

 Quinoa  –  Repo-Carrasco-Valencia 
and Serna  et al. , 2011 

 Wheat bran  Wheat fl our  Robin  et al. , 2011a,b,c,d 
 Beta glucan  Oat fl our  Yao  et al. , 2011 
 Oat bran  –  Zhang  et al. , 2009, 2011 

average of 345 nm caused a decrease in hydration properties (Zhu  et al. , 2010), 
and the hydration properties of coconut fi bre increased when the particle size 
decreased from 1127 to 550  μ m, whereas they decreased when it was reduced 
from 550 to 390  μ m (Raghavendra  et al. , 2006). The hydration properties infl uence 
melt properties, and also the particle properties may have an infl uence on the 
bubble cell wall homogeneity.  

   12.3.3  Role of other ingredients in fi bre- enriched extrusion 
 Understanding the interaction mechanisms within different ingredients is important 
in design of high quality nutritious healthy snacks. A basic expanded snack 
formulation generally includes starch, sugar, salt, protein, fat and water. Optimizing 
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the type and source of starch can help to improve textural properties and expansion 
ratios. There should be 60–70% of starch in the formulation for good expansion 
characteristics and good gas- holding properties of fi bre-enriched extrudates. 
Sugar, fat and fi bre interfere with the expansion of the starch matrix (Yao  et al. , 
2011). Expansion rates at high fi bre levels can be improved by addition of 
extrusion aids such as monoglycerides, modifi ed starches, modifi ed gelatin, 
oligofructose and inulin. The two latter are soluble non- digestible oligo- and 
polysaccharides, which are nowadays included in the defi nition of DF. These 
ingredients will not only improve expansion rates but also provide additional 
functional properties. 

 Starch and proteins are the two dominating ingredients that contribute to the 
solid matrix in extruded food products. Proteins can affect the expansion rate 
based on differences in macromolecular structure and conformation, as well as 
differences in their water- binding affi nities. High temperature and shear occurring 
during extrusion processing destabilize the tertiary and quaternary structures of 
proteins, leading to denaturation. During extrusion, protein molecules unfold and 
align themselves in the direction of fl ow and form new intermolecular bonds, 
disulphide bonds being the major form (Camire, 1991). Fourier transform infrared 
(FTIR) spectra of corn/oat fl our extrudates revealed that extrusion caused changes 
in the protein bands and the distribution of protein occurred heterogeneously 
within a discontinuous phase. It was claimed that the protein phase was destroyed 
during extrusion, producing aggregates that formed fi brous networks (Cremer and 
Kaletunç, 2003). 

   Fig. 12.3     Samples of extrudates with different percentages of corn starch, wheat fi bre and 
pectin (Yanniotis  et al. , 2007).     

�� �� �� �� ��



Fibre in extruded products 265

© Woodhead Publishing Limited, 2013

 Lobato  et al.  (2011) developed a functional puffed product with defatted soy 
fl our, oat bran, corn starch and inulin. An increase in corn starch content from 200 
to 300 g/kg total weight in the formulation decreased hardness to 200 N, a critical 
threshold hardness value for consumer acceptance. Increase in screw speed 
increases the mechanical damage to starch molecules. The damaged starch which 
is formed during extrusion is less cohesive than gelatinized starch, resulting in 
small pores with less expansion. Increasing levels of sugar and soy fi bre formed 
extrudates with thick cell walls and smaller air cells with high breaking strength 
values (Jin  et al. , 1995). Extrudates with low sugar levels were found to have thin 
cell walls and large air cell size. 

 Núñez  et al.  (2010) studied the effect of shear on elongational properties of 
extruded breakfast cereals made of oat and rice fl our. The high lipid content of oat 
fl our resulted in polymer stick- slip transition, which caused instabilities during 
processing. The majority of end products contain low levels of lipid (< 7%) 
because higher levels of lipid prevent expansion. On the other hand, addition of 
low levels of lipid (5%) favours expansion and improves texture (Cheftel, 1986). 
During extrusion lipids can be either entrapped or encapsulated as droplets. They 
also have a tendency to interact with starch and protein. 

 In order to produce snack foods with enhanced nutrient profi le, the content of 
protein and/or DF should be increased. However, both these ingredients have a 
critical concentration, beyond which the important quality control parameters 
(expansion, brittleness etc.) are adversely affected. Addition of both DF and protein 
causes low expansion rate with increased bulk density, which will eventually lead 
to hard and crunchy rather than crispy product textures. A new approach is to use 
supercritical fl uid extrusion (SCFX) instead of the conventional steam- based 
extruders. With the help of SCFX the detrimental effects of heat on the structural 
properties will be avoided by using low temperature profi les (< 100°C) (Cho and 
Rizvi, 2009; Cho and Rizvi, 2010). The SCFX of starch-based products consists of 
three processes in which melt formation takes place because of starch gelatinization 
and mixing; the supercritical CO 2  addition at this step creates melt–CO 2  solution. 
Diffusion of CO 2  through the cells causes expansion of product in the die exit. In 
general, the SCFX is followed by baking or frying for further expansion and 
improvement of fl avour and appearance. Alavi  et al.  (1999) showed that the SCFX 
products have a non- porous surface and uniform cell size distribution (50–250  μ m) 
with a high polydispersity index (0.95), which provides better fl avour encapsulation.   

   12.4  Effects of extrusion on dietary fi bre (DF) properties 
   12.4.1  Changes in DF polymers 
 The DF content usually does not greatly decrease in extrusion, whereas the ratio 
of insoluble to soluble DF often decreases due to depolymerization and 
solubilization of insoluble fi bre components. If depolymerization of the soluble 
DF occurs to such an extent that the hydrolysis products are no longer analysed as 
DF, the DF content may decrease. Under harsh extrusion conditions, the DF 
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content may also increase due to formation of resistant starch or some undigestible 
Maillard reaction products. The polysaccharide–lipid complexes formed during 
extrusion cannot be separated either chemically or enzymatically, and thus they 
were found to contribute to the insoluble fi bre fraction, together with resistant 
starches (Gualberto  et al. , 1997). Variable results have been obtained in studies on 
the effects of extrusion on DF polymers, depending on extrusion conditions and 
also to a large extent on the DF ingredients used, as reviewed, for example, by 
Singh  et al.  (2007) and Camire  et al.  (1990). 

 Zhang  et al.  (2009; 2011) showed that the extrusion of oat bran altered the 
molecular weight distribution of soluble DF fractions of oat bran, and the amount 
of soluble DF was increased from 8.9% to 14% by extrusion. Extrusion was also 
reported to promote the extraction of high molecular weight DF from oat bran and 
improve the properties of the soluble oat DF, but the effects of feed moisture and 
temperature during extrusion were signifi cant. On the other hand, extruded 
breakfast cereals made of oat fl ours with elevated  β -glucan contents had higher 
peak molecular weight than the corresponding raw materials (Yao  et al. , 2011). 

 Solubilization of DF in wheat, oat and rice brans was also shown by Gualberto 
 et al.  (1997), who related it to screw speed and barrel pressure profi les. For 
instance, an increase in soluble fractions of DF was detected by increasing the 
screw speed. The shear stress exerted by the turning of the screws puts a strain on 
the DF molecules, causing chemical cleavage. Pressure builds up in the barrel at 
low screw speeds because of higher rate of barrel fi ll. In some cases pressure 
might have more effect than the screw speed on the solubilization rate of DF. 
Larrea  et al.  (2005) extruded an orange pulp preparation and detected a remarkable 
decrease in total and insoluble DF and increase in soluble DF content. Temperature 
in the barrel was the most important factor infl uencing the changes in the orange 
peel pectin, followed by the screw speed. 

 Extrusion- induced changes in wheat bran properties have been reported, for 
example, by Aoe  et al.  (1989) and Gajula  et al.  (2008). Both reported increased 
soluble DF content. The latter reported that the decrease of insoluble dietary fi bre 
fraction was higher than the increase in the soluble fraction, and suggested that the 
fragmentation of cellulose or lignin by the shearing action of extrusion results in 
formation of lower molecular weight soluble DF residues, which can degrade 
further to low molecular weight fragments and also to sugar derivatives. Scanning 
electron microscopy (SEM) images revealed structural changes in the extruded 
bran as thinning out of the cell wall and either folding or curling of the pericarp 
layers (Aoe  et al. , 1989), also modifying the physicochemical form of DF and its 
fermentability in rats.  

   12.4.2  Changes in associated compounds 
 The majority of the plant DF preparations are also rich in bioactive phytochemicals. 
The outer parts of the cereal kernel, which contain bran and germ, are rich in 
phenolic acids, lignans and phytosterols (Liukkonen  et al. , 2003; Inglett and 
Chen, 2011; Jonnala  et al. , 2010). The amount and bioaccessibility of bioactive 
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compounds, in particular phenolics, in DF preparations can be altered during 
processing, as recently reviewed by Brennan  et al.  (2011). The amount of 
polyphenols has been shown to decrease with extrusion in cereal extrudates 
fortifi ed with vegetable/fruit by- products (Yagci and Gogus, 2009; Khanal  et al. , 
2009; White  et al. , 2010). However, the levels increased in extrusion of rye, 
quinoa and wheat fl our/caulifl ower-based snacks (Gumul and Korus, 2006; Repo-
Carrosco-Valencia and Serna, 2011; Stojceska  et al. , 2008). Better extractability 
of bioactive compounds has been associated with the release of phenolic acids by 
extrusion (Brennan  et al. , 2011).  

   12.4.3  Changes in nutritional properties 
 DF addition  per se  improves the nutritional quality of the product. The 
physiological effects of DF and the product can further change due to extrusion- 
induced changes, as indicated above. The nutritional consequences of changes in 
DF due to extrusion have been discussed in the review by Singh  et al.  (2007), who 
indicated that there are confl icting results with respect to cholesterol- lowering 
properties in animal studies. Taking into consideration the large variation in raw 
materials and processing conditions, this actually seems quite natural. 

 In a recent study by Parada  et al.  (2011), various levels of guar gum as a soluble 
fi bre source were used in extruded foods made from maize, potato, rice and 
wheat fl our. Starch digestibility  in vitro  did not decrease with addition of 
guar gum; instead a small increase in rapidly available glucose was observed. This 
was suggested to be due to softer texture and more open microstructure of the 
products.   

   12.5  Conclusion and future trends 
 The demand for ‘natural’ and ‘nutritionally enhanced’ foods is increasing. The 
daily supply of fi bre has been reduced by the consumption of ready- made or 
processed foods. The importance of DF intake for human health has been 
recognized for the past 40 years, and the DF terminology, defi nitions and analytics 
have evolved over time (Raninen  et al.  2011). 

 The world snack food market was worth around $55 billion by the year 2000. The 
largest snack food market is in the US, followed by Japan and the UK ( http://www.
managementparadise.com/forums/marketing- research-mr/218772-marketing- 
research-whirlpool- corporation.html ). Today’s consumer has an increasing demand 
for healthy snacking with low salt and fat and high dietary fi bre and protein values. 
The healthy food market, consisting of functional, good/better- for-you and organic 
foods, has also infl uenced the snack food market to design next generation healthy 
snack foods. In Europe, the savoury snacks market (potato chips, nuts, biscuits, 
extruded snacks) was worth €12.4 billion in 2009, with an annual growth rate 
of 0.54% for the 2009–12 period ( http://foodmarkets.wordpress.com/2011/02/08/
savoury- snacks-europe- potato-crisps- nuts-biscuits ). 

�� �� �� �� ��



268 Fibre-rich and wholegrain foods

© Woodhead Publishing Limited, 2013

 After all the attempts during the past decades, extrusion processing is still 
considered to be more of an art than a science. In order to have better control over 
the entire process, scientists have to explore the interrelationship among 
ingredients, processing conditions and structural factors such as molecular weight 
in interdisciplinary collaboration between rheology, polymer physics and 
chemistry. Quantitative modelling of extrusion processing will allow effi cient 
product development stages with reduced time and cost. Cheng and Friis (2010) 
used a new phenomenological model that links expansion and operation 
parameters of a twin screw extruder of wholewheat fl our and fi sh feed. The model 
was developed based on dimensional analysis theory and aimed to understand the 
physical meaning of interactions among raw material mixing, particle size 
condition, ingredients and operation parameters. 

 Cell wall strength and elasticity have a great impact on the mechanical 
properties of porous DF-rich extrudates. Thus, understanding the factors that 
affect composition and thermal properties will guide scientists to engineer 
structural features of the food matrix. Improvement of three- dimensional non- 
destructive analysis methods will provide data to evaluate the relationship between 
cell architecture, texture and operational parameters (Corradini and Peleg, 2007). 

 Following the early work in the 1990s, DF-enriched extrusion is currently a 
vibrant research topic. Snack foods are an obvious carrier of dietary fi bre, and 
healthier options in this product category are warranted. It can be expected that 
the active research will gradually be translated to new types of cereal snacks, and 
also that extrusion will increasingly be used to functionalize DF preparations to 
enhance their applicability.   
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  Abstract:  Pasta is a commonly consumed food product, which makes it ideal for the 
inclusion of wholegrain and dietary fi bre material. However, technological and 
processing issues surround the use of these ingredients in pasta. These tend to revolve 
around hydration dynamics of ingredients and the development of a homogeneous 
starch–protein matrix during dough formation. From a nutritional point of view it is 
clear that the inclusion of whole grains and dietary fi bre has signifi cant positive effects 
in controlling satiety and the postprandial glycaemic response. These issues are 
discussed in this chapter.  

   Key words:    pasta, dietary fi bre, whole grains, starch gelatinisation, glycaemic index.   

    13.1  Introduction 
 Pasta is a very generic term used to describe a commonly consumed food group 
which encompasses noodles, spaghetti and similar commodities. The word ‘pasta’ 
is derived from the Latin word meaning ‘dough/pastry cake’, which describes its 
constitution very well. Traditionally pasta has been made using two basic 
ingredients – wheat ( Triticum durum  – durum wheat), semolina, and water. Indeed, 
in the past Italian law has insisted that the manufacture of pasta has to be from 
 Triticum durum  and not  Triticum aestivum  (GazzettaUffi ciale, 1967; Cubadda and 
Carcea, 2000). The purity of pasta processing has been maintained in some 
European countries, where any incorporation of  Triticum aestivum  into pasta was 
classed as adulteration and considered illegal. The history and origins of pasta are 
worthy of a book of their own. Unfortunately space does not exist in this volume 
to do the history of pasta justice. Its past appears to lie in the production of noodles 
in China, which have been shown to date back to at least 300 BC (Lu  et al. , 2005; 
Gong  et al. , 2011). However, it is clear that there has been a heavy Italian infl uence, 
not only on the popularity and widespread use of pasta but on the development of 
different forms of pasta shapes. 
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 In its simplest form, the durum wholegrain/wholewheat fl our and water are 
mixed into a crumb- like dough before being formed. The mixing and forming can 
be conducted either by manual manipulation or, more commercially, using 
extrusion technology. The resulting dough sheet or extruded product is then cut 
into appropriate shapes. Two main types of pasta are produced: fresh (wet) pasta, 
which is only minimally dried and has a high moisture content and hence has a 
relatively short shelf life, or dried pasta – pasta dried to between 4 and 8% 
moisture, which is therefore more shelf- stable. The ease of pasta manufacture and 
the simplicity of raw material formulation make pasta a relatively inexpensive 
food product to manufacture, which has led to its popularity as a convenient food. 

 This insistence on pasta being produced from durum wholegrain and refi ned 
wheat fl our has led to a plethora of research into the various factors contributing 
to pasta quality maintenance. These studies examine areas ranging from the 
physical and chemical properties of durum grains to the effect of water and the 
milling of durum into wholemeal or refi ned fl our. Pasta quality and cooking 
characteristics have been shown to be dependent upon the protein–starch matrix 
of the extruded pasta product. Characteristics such as fi rmness, cooking loss and 
stickiness of pasta can be associated with the protein content of the pasta (Oak 
 et al. , 2006) as well as the starch composition (El-Khayat  et al. , 2003; 2006). The 
even hydration of the starch and protein fractions in the semolina during the 
mixing stages of processing is responsible for ensuring the formation of a suitable 
pasta shape which is both resistant to stretching and manipulation and also elastic 
in nature. If the starch and protein are poorly hydrated, this disrupts the 
development of the cohesive matrix and leads to brittle or soft sticky pasta. 
Inclusion of wholegrain, wholemeal, or dietary fi bre-rich components into pasta 
can also interfere with the development of the starch–protein matrix and lead to 
disruption of the structural integrity of the pasta as well as reduction in fi nal 
quality and consumer acceptability (Tudorica  et al. , 2002). 

   13.1.1  Understanding durum wheat fl our characteristics 
 The physicochemical quality of the durum wheat kernel is a major determinant of 
the suitability of the crop for its end- use, and inevitably is responsible for the 
quality of pasta (Mariani  et al. , 1995; El-Khayat  et al. , 2003; 2006). Factors which 
have been shown to affect durum wheat quality include genotype (Troccoli  et al. , 
2000), environment (Kovacs  et al. , 1997; Sharma  et al. , 2002) and the interaction 
between genotype and environment. The hardness of the cereal grain is considered 
to be an important factor that determines end- use quality characteristics of durum 
wheat. This is particularly important when considering the milling process, in that 
grain hardness has a signifi cant impact on the facture characteristics of kernels 
during milling (Symes, 1961). Subsequently, the milling properties of hard or soft 
grains have effects on factors such as the conditioning of wheat before milling, the 
particle size of fl our, quantity of damaged starch, water absorption and milling 
extraction rate (Hoseney, 1987; Pomeranz and Williams, 1990; Delwiche, 1993), 
as well as the rheological properties of the fl our produced (Pomeranz  et al. , 1984). 
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Additionally, the milling quality of durum wheat is refl ected in the total yield of 
fl our from the milled grains. Milling can remove between 15 and 20% of grain 
weight (in the form of bran and germ). The hardness or softness of the grain 
affects the overall recovery of fl our during milling and, inversely, the amount of 
bran, germ and dietary fi bre lost during milling (El-Khayat  et al. , 2003). Much of 
the research investigating the genetic basis of kernel hardness has been conducted 
on  Triticum aestivum . Such work has illustrated the role of the starch granule 
proteins, sometimes named friabilins (Greenwell and Schofi eld, 1986; Brennan 
 et al. , 1993) and other times puroindolines (Baldwin, 2001; Igrejas  et al. , 2001), 
which inhibit starch–protein binding and hence govern grain softness. The scarcity 
of these puroindolines in durum wheats is often regarded as one of the factors 
which explain the high hardness of durum wheat kernels. 

 In durum wheat, the degree of vitreousness of the kernel is often used, in 
conjunction with kernel hardness, to predict the quality of the cereal crop. The 
degree of kernel translucency, and hence the apparent degree of vitreousness, is 
related to the degree of compactness of the kernel (Yamazaki and Donelson, 
1983). The degree of vitreousness of kernels has been linked to the hardness of the 
kernel, and the amount of protein and starch within the kernel (Stenvert and 
Kingswood, 1977). Starchy kernels have been shown to have a discontinuous 
endosperm with many air spaces and appear white in colour (Dexter  et al. , 1989). 
These air spaces, and the more porous nature of the kernel, appear to be related to 
softer texture of the starchy kernels. Many studies have shown that environmental 
factors, such as temperature and light intensity during grain development, 
determine whether the kernels will appear vitreous or starchy (Parish and Halse, 
1968; Hoseney, 1987). Pomeranz and Williams (1990) observed that nitrogen 
fertilisation affects kernel protein content, and hence the hardness and appearance 
of kernels. So the degree of vitreousness is highly infl uenced by both genetic and 
environmental factors. 

 The degree of vitreousness of a grain has an important impact on the milling 
quality of durum wheat because of its effect on semolina yield, granulation 
and protein content (Matsuo and Dexter, 1980). By growing durum wheat in low 
protein environments one can manipulate the grain composition to decrease kernel 
protein content and increase starchiness (decrease of kernel vitreousness). This in 
turn has the effect of decreasing semolina yield (El-Khayat  et al. , 2006). As 
mentioned before, as semolina yield decreases so too do the amount of bran and 
fi bre content of the fl our (milling yield being positively correlated with high starch 
contents). Thus protein content is one of the most important quality characteristics 
of durum wheat kernels in relation to determining milling yield, starch and fi bre 
content, and overall pasta quality (Dexter and Matsuo, 1977; 1980; Autran and 
Galterrio, 1989). The initial research of Dexter and Matsuo (1977) was the starting 
point of our understanding of how protein from durum wheat can infl uence pasta 
quality. They investigated two Canadian durum wheat cultivars that differed in 
their protein contents, but were grown under the same environmental conditions, 
and found that the increase in protein content was associated with an increase in 
pigment content and improvement in cooking quality of the resulting pasta. 
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Although total protein content is a major factor in fi nal pasta quality, research has 
also investigated the importance of the gluten components in determining the 
rheological and cooking quality of pasta (Damidaux  et al. , 1980; Du Cros  et al. , 
1982; Carrillo  et al. , 1990). 

 Ash content is also regarded as a quality characteristic for durum wheat kernels 
and has a direct infl uence on pasta colour. The faint colour of semolina is caused 
by high ash content, and may be due to high extraction rates (Cubadda, 1988). The 
resulting pasta tends to have a brown colour (Taha and Sagi, 1987; Borrelli  et al. , 
1999). Premium- grade semolina generally has ash content lower than 0.9% 
(Cubadda, 1988).  

   13.1.2  Nutritional quality of pasta 
 The nutritional quality of pasta is balanced as shown in  Table 13.1 . As can be seen 
from the table, the contribution of pasta to the diet is mainly in terms of 
carbohydrates (not surprisingly in terms of the composition of the raw materials 
used). Pasta also contains an appreciable level of protein, and in certain types 
(such as wholemeal spaghetti) can be a contributor of dietary fi bre to our diet. 
From an energy intake point of view, pasta and spaghetti have a relatively low 
energy value when compared with other carbohydrate counterparts such as white 
or wholemeal bread (931 and 922 kJ, respectively). This in turn leads to pasta 
being considered a relatively low glycaemic index (GI) food compared with 
breads and biscuits ( Table 13.2 ). Another contributing factor to the low GI of 
pasta compared with bread is the particle size of the fl ours after milling and the 
degree of starch damage during milling. High levels of starch damage increase the 
rate of starch digestibility, whereas large particle sizes of fl our (above 300  μ m) 
reduce the degree of hydration of the starch granules in the dough and hence lower 
the accessibility of starch degrading enzymes to the starch held within the starch–
protein matrix of pasta. 

 Today’s food industry is interested in low GI foods and foods containing high 
amounts of dietary fi bre. The fact that pasta has a limited number of raw ingredients 

    Table 13.1     Chemical composition of cooked pasta (per 100 g)  

 Pasta type  Water 
 (g) 

 Protein 
 (g) 

 Fat 
 (g) 

 Carbohydrate 
 (g) 

 Starch 
 (g) 

 Dietary 
fi bre 
 (g) 

 Energy 
value 
 (kJ) 

 Macaroni  78.1  3.0  0.5  18.5  18.2  0.9  1483 
 Noodles (egg)  84.3  2.2  0.5  13.0  12.8  0.6  1656 
 Pasta (fresh)  61.5  6.6  1.5  31.8  30.7  1.9   677 
 Spaghetti (white)  73.8  3.6  0.7  22.2  21.7  1.2   442 
 Spaghetti 
(wholemeal) 

 69.1  4.7  0.9  23.2  21.9  3.5   485 

   Source: Food Standards Agency (2002).     
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(wheat and water) makes pasta an attractive model food system to manipulate so 
as to improve its nutritional content. Indeed, the simplicity of pasta ingredients has 
helped researchers to study starch–protein–fi bre interactions in a controlled 
manner. The potential nutritional and technological effects of the incorporation of 
different bioactive ingredients such as dietary fi bre into the food system, or 
incorporation of high levels of whole grain, have therefore been well studied, and 
the virtues of incorporating wholegrain material into food systems are comparatively 
well understood in pasta products (as will be illustrated later in this chapter).   

   13.2  Process variables affecting pasta production 
 In considering processing parameters, the selection of good quality ingredients is 
important. Semolina from durum wheat is considered the ideal wheat product for 
pasta production due to its colour, fl avour and cooking quality (Feillet and Dexter, 
1996). As mentioned before, the quality of semolina is directly correlated with 
the protein content of the grain and the quality of that protein. Researchers 
have used many methods to determine the protein quality of durum wheat 
(alverograph, mixograph, farinograph, gluten index, Sodium dodecyl sulfate 
(SDS) -sedimentation and rapid visco analyser), all of which look at the hydration 
properties of the grain and gluten components. The degree of milling, and hence 
total and damaged starch content, can contribute to variations in processing 
conditions (mainly due to changes in the hydration dynamics of the dough) and 
hence pasta quality (El-Khayat  et al. , 2006). 

    Table 13.2     Comparative glycaemic index (GI) and glycaemic loading (GL) of pasta  

 Pasta type  GI   (Glucose = 100)  GL   (per serving)  Serving size 
 (g) 

 Bread (white fi bre enriched)  68   9   30 
 Bread (wholemeal)  69   8   30 
 Barley bread  40   8   30 
 Oat bran bread  44   8   30 
 Rye bread  67  10   30 
 All Bran cereal  30   4   30 
 Cheerios  74  15   30 
 Coco- pops  77  20   30 
 Cornfl akes  72  18   30 
 Maize pasta (gluten free)  78  32  180 
 Fettucine (egg)  40  18  180 
 Noodles (instant)  47  19  180 
 Macaroni  47  23  180 
 Spaghetti (white)  32  15  180 
 Spaghetti (wholemeal)  32  14  180 

   Source: Adapted from Foster-Powell  et al.  (2002)     
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 As with any food production system, the processing parameters of pasta 
manufacture have to be considered when trying to incorporate novel ingredients. 
Traditional methods of pasta manufacture are based on hand mixing of durum 
wheat with water ingredients to form a dough, which is then rolled into sheets 
that, in turn, are cut or shaped to the desired geometry. Most commercial 
production of pasta uses extrusion technology to mix and form the ingredients 
into a dough- like material, which is then passed through a rotating auger to a die 
face and expelled at the die face into strands of continuous dough which are cut 
and shaped as required. During the extrusion process the dough is subjected to 
both shear and temperature (although generally the temperature of a pasta extruder 
is cool (40–60°C) compared with the hot extrusion (160–200°C) used in breakfast 
cereal manufacture). The effects of shear and temperature do contribute to the 
amount of starch disassembly and gelatinisation during extrusion, although, as the 
conditions used during pasta manufacture are normally at low temperatures and 
minimal water concentration, very limited starch gelatinisation occurs during 
pasta processing. This fact goes some way in helping to explain why pasta is a 
relatively low GI food compared with bread or breakfast cereals ( Table 13.2 ). 

 Nevertheless, parameters such as the hydration dynamics of ingredients, 
mixing time, extrusion temperature, die geometry and drying conditions are all 
important in governing fi nal pasta quality (Debbouz and Doekott, 1996; Sudha 
 et al. , 2011). Each of these factors would have an effect on how the raw materials 
combine and form the product structure, with a resulting effect on product texture 
and digestibility. Optimisation of mixing time and conditions is crucial in 
developing hydrated starch–protein continuums in the form of dough (El-Khayat 
 et al. , 2006). There is the potential to add other ingredients, such as egg, fl avours 
and colours, and non- durum wheat material (for example, in the manufacture of 
gluten- free pasta), to manipulate the colour, fl avour and texture of pasta. Again, 
understanding the water- absorbing/binding ability of the raw ingredients is of 
paramount concern, not only to ensure that the hydrated starch–protein matrix is 
stable but also to ensure that any other ingredients do not interfere with the 
structure of this dough and the development of protein networks. 

   13.2.1  Process variables, and sensorial and textural properties 
 Most durum semolina fl our is milled to produce fl our particles of between 300 and 
500  μ m. In the process of milling wheat fl our to obtain a fl our of particle size 
300–500  μ m, wheat bran and germ are removed from the fl our. These fractions of 
the grain are rich in fi bre, vitamins and minerals, and hence their removal has 
negative effects on the nutritional balance of the fl our. One of the most common 
ways to counteract this is to incorporate wheat bran and germ back into the fl our 
to produce a wholewheat or possibly a wholegrain fl our. 

 There has been much discussion in this book regarding fi bre and wholegrain 
materials and their relationship to health and nutrition. Wholegrain wheat products 
undoubtedly contain more vitamins, minerals, dietary fi bre and antioxidants than 
refi ned wheat fl ours (Baic, 2005). In turn, the antioxidant properties of spaghetti 
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and pasta can be enhanced by the inclusion of wholegrain material (Hirawan 
 et al. , 2010). However, these wholegrain materials, rich in wheat bran and germ 
fractions, are often not homogeneous in size and hydration characteristics. This in 
itself leads to challenges when incorporating them into food systems. For instance, 
these homogeneous fractions can form isolated pockets of materials which 
interfere with the protein–starch matrix developing in pasta dough, thus reducing 
overall pasta quality (Manthey and Schorno, 2002; Tudorica  et al. , 2002). 

 Pasta and cereal foods made from wholewheat and wholegrain foods have 
often been noted as being less acceptable than refi ned fl our counterparts due to 
consumer attitude to colour, taste and cooking qualities (Edwards  et al. , 1995; 
D’Egidio  et al. , 1990; Sahlstrom  et al. , 1993; Brennan, 2005; Cleary and Brennan, 
2006; Brennan  et al. , 2008a). The consumer perception may be that enrichment of 
pasta with wholegrain materials and fi bres promotes a gritty mouthfeel; 
alternatively, a slimy, paste- like quality is observed due to a combination of the 
hydration factors of the fi bres and increased starch gelatinisation. To this effect, 
the incorporation of wholemeal and dietary fi bres into pasta mix has been shown 
to affect the tenacity of the protein–starch matrix binding and thus infl uence the 
cooking quality characteristics of pasta. For instance, research by Gautheir  et al.  
(2006) and Tudorica  et al.  (2002) has illustrated that the incorporation of bran into 
durum wheat semolina can produce pasta products which are brittle and sticky 
and exhibit high cooking losses. A high level of cooking loss of pasta is a 
signifi cant problem, with starch and protein solubilising in the cooking water, 
weakening the structure of the pasta, and creating increased stickiness and 
disintegration on cooking. 

  Table 13.3  illustrates the effects of incorporating some dietary fi bres into pasta 
products and the results in terms of cooking properties. As can be seen, differences 
exist within the fi bre components themselves in how they alter the textural 
properties of pasta. Inclusion of pea fi bre, inulin and guar can reduce pasta 
fi rmness compared with a control pasta product, as well as increasing stickiness 
and adhesiveness. Inclusion of locust bean gum and xanthan gum had the opposite 
effect. Not all dietary fi bres behave in the same way. The quantity of fi bre added 
is also important: levels of 2.5–5% can be used without necessarily causing 
signifi cant loss of textural characteristics compared with a control pasta, whereas 
incorporation of greater than 5% starts to cause problems in terms of product 
textural characteristics. Any change to the textural characteristics of pasta also 
alters the sensorial perception of the product by the consumer. 

 Aravind  et al.  (2012) followed on from the initial research of Tudorica  et al.  
(2002) and incorporated wheat bran (insoluble fi bres) into durum wheat spaghetti, 
evaluating the quality of pasta in terms of colour and sensory qualities (as well as 
nutritional qualities by  in vitro  analysis). Their fi ndings illustrated that inclusion 
of fi bre at a level above 10% had a signifi cant effect in disrupting the structural 
arrangements of the pasta, hence negatively affecting its sensorial properties 
(grittiness and cohesiveness). 

 Such negative effects in terms of sensorial properties of the pasta can be 
related to the incomplete hydration of particulate material in the pasta and hence 
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    Table 13.3     The effects of dietary fi bre addition to the textural attributes of cooked pasta  

 Sample  Firmness (N)  Stickiness (N)  Adhesiveness 
(N*s) 

 Elasticity (N) 

 Effect of the type of DF 
  Control    1.6    2.96    0.22    0.17  
 Pea fi bre  1.23 c,d   2.9 c,d   0.17 d   0.16 b,c  
 Inulin  1.17 c,d   3.3 c   0.31 c,d   0.14 c  
 Guar gum  1.32 c   4.2 b   0.38 b,c   0.15 b,c  
 Bamboo fi bre  1.31 c   2.6 d   0.19 d   0.16 b,c  
 Xanthan gum  2.09 b   2.4 d   0.22 d   0.22 a  
 Locust bean gum  2.38 a   4.0 b   0.53 b   0.18 b  
 Signifi cance  ***  ***  ***  *** 
 SEM  0.046  0.14  0.015  0.008 
 Effect of the level of DF addition 
 2.5%  1.71 A   3.6 A   0.40 B   0.18 A  
 5.0%  1.62 A   4.1 B   0.45 B   0.16 A,B  
 7.5%  1.47 B   4.1 B   0.37 B   0.15 B  
 10.0%  1.25 C   5.5 C   0.59 A   0.14 B  
 Signifi cance  ***  ***  ***  ** 
 SEM  0.035  0.11  0.012  0.006 

   Notes: within the same column, the values with the same letter are not signifi cantly different.   
 *** p  < 0.001; ** p  < 0.01; * p  < 0.05; DF–dietary fi bre; ND – not determined.   
 Source: Adapted from Tudorica  et al.  (2002).     

the perception of grittiness by the consumer (Tudorica  et al. , 2002). It is 
possible, by careful mixing and addition of water (as well as pre- conditioning 
ingredients), to avoid or at least reduce the impact of poor ingredient hydration 
on the textural and sensory characteristics of pasta. However, it is not enough 
simply to assume that if you include wholegrain or fi bre- rich ingredients you 
need to add more water to the developing dough, or increase the mixing time 
of the pasta. For instance, Chillo  et al.  (2011) illustrated that, even using the 
same cereal fractions (in this case beta- glucans), very different pasta qualities 
can be obtained under similar processing conditions. Two beta- glucans derived 
from barley (Glucagel and Barley Balance) were studied at varying levels 
of incorporation and tested against a control pasta product. The authors found 
that incorporation of these two ingredients at similar levels gave drastically 
different cooking losses and sensorial properties (hardness, stickiness and 
adhesiveness) as well as glycaemic response (more discussion on the role of 
pasta and fi bre in modulating the glycaemic response of individuals will follow 
in this chapter). This further illustrates that it is not sensible to assume from 
a food ingredient viewpoint that the incorporation of apparently similar 
phytochemicals from similar grain sources will yield similar product quality 
characteristics. The minefi eld of ingredient selection and utilisation is scattered 
with potentially novel added-value ingredients which fail to be incorporated into 
successful commercial products.   
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   13.3   Enrichment of pasta with whole grains or 
dietary fi bre 

 Previously we discussed the purity of pasta production (durum wheat and water as 
the main ingredients). It is the simple nature of the ingredients that makes pasta an 
excellent vehicle to manipulate nutritionally. In 1949 the Food and Drug 
Administration of the United States (FDA) authorised the enrichment of pasta with 
vitamins and iron. Since then researchers have endeavoured to improve the 
nutritional content of pasta by incorporating protein (Shogren  et al. , 2006; Chillo 
 et al. , 2008) and other nutrients such as dietary fi bres and vitamins (Kordonowy 
and Youngs, 1985; Bahnassey  et al. , 1986; Knuckles  et al. , 1997; Tudorica  et al. , 
2002). Much attention has been given to the use of wheat bran, wheat germ or 
wholegrain material in nutrient- rich pasta streams (Buck  et al. , 1987; Cara  et al. , 
1992). For instance, Chillo  et al.  (2008) developed pasta with the addition of 
buckwheat fl our and wheat bran and found that, although inclusion rates of 15–20% 
were possible, changes to pasta colour and sensorial qualities limited the use of the 
additional ingredients from a consumer preference viewpoint (Sudha  et al. , 2011). 

 Interest in incorporating wholegrain material (and dietary fi bre) is based on the 
premise that these ingredients are nutritionally sound. Epidemiological studies 
have shown signifi cant correlations between the consumption of wholegrain 
material and reduced risk of cardiovascular disease (Fraser, 1999; Jacobs  et al. , 
1998; Liu  et al. , 1999) and diabetes (Liu  et al. , 2000; Meyer  et al. , 2000). These 
tend to be associated with not only the dietary fi bre components in wholegrain 
materials but also the phytochemical co- passengers from the bran layer of the 
grain (Okarter and Liu, 2010). 

 Pasta itself appears to possess unique nutritional features, compared with other 
carbohydrate- rich foods, in that the starch is slowly digested and absorbed in the 
small intestine. The slow digestibility of starch in pasta results in a delaying of 
sugar release from the carbohydrate food and hence potential blood glucose 
response. It is partly for this reason that pasta has become even more popular, being 
regarded as a product with a low GI potential and featuring heavily in low GI diets 
(Jenkins  et al. , 1983). Research has shown that pasta steadily liberates sugars that 
the body needs over a 2–3 hour digestion period, and it is this slow release of 
sugars as starch is digested that leads to its low postprandial blood glucose and 
insulin responses in humans (Jenkins  et al. , 1983; Granfeldt  et al. , 1994). 

 The slower release of starch degradation products from pasta in comparison 
with other cereal products such as breads and biscuits has been attributed to the 
compact structure of pastas resulting from the extrusion process, and characterised 
by a very close protein network which entraps starch granules and delays 
 α -amylase activity (Fardet  et al. , 1999; Tudorica  et al. , 2002). The large particle 
size of the fl our used in pasta production also limits the amount of starch 
degradation by reducing the accessibility of enzymes to starch and hence 
regulating starch digestion kinetics. 

 Interactions of starch with other components such as certain dietary fi bres have 
also been suggested to further reduce the rate of starch digestion and thus to lower 

�� �� �� �� ��



282 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

the glycaemic response (Ellis  et al. , 1988; Tudorica  et al. , 2002). One such 
example is that of Bustos  et al.  (2011), who investigated the use of resistant 
starches and oat bran to enrich pasta with fi bre and illustrated the possible use of 
these ingredients in reducing the potential glycaemic response to some ingredients. 
For instance, oat bran inclusion reduced the digestibility of starch in a dose–
response manner, whereas resistant starch increased the starch digestibility of 
the pasta. However, inclusion of both resistant starch and oat bran reduced 
consumer acceptability in terms of fi rmness, chewiness and overall acceptability 
of pastas compared with the control pasta. Tudorica  et al.  (2002) and Brennan 
 et al.  (2008 a, b) also illustrated this phenomenon with a range of dietary fi bres 
in pasta and breakfast cereal products.  Table 13.4  demonstrates the fi ndings of 
Tudorica  et al.  (2002). Using simple  in vitro  starch digestion systems, they 
followed the digestion of starch over 180 minutes and used the evolution of 
sugars from the digested starch to determine potential GI of the pasta. It is 
clear that inclusion of dietary fi bres had a signifi cant reducing effect on the 
amount of starch digestion taking place between 0 and 150 minutes. However, 
this signifi cance was reduced at 180 minutes. Nevertheless, pasta with dietary 
fi bre inclusions did lower the predicted GI of the pastas (but not necessarily in a 

    Table 13.4     The effects of dietary fi bre addition on the digestion characteristics of 
cooked pasta  

 Sample  Starch digested after 
150 min (%) 

 Starch digested after 
180 min (%) 

 Predicted GI 
 (% against white 
bread standard) 

 Effect of the type of DF 
  Control   12.91  19.19  45.0 
 Pea fi bre  10.12 b   15.62 a,b   39.2 b,c  
 Inulin  12.81 a   17.83 a   41.1 a,b,c  
 Guar gum   7.70 c,e   11.83 c,d   37.9 b,c  
 Bamboo fi bre   8.33 b,c,d   12.42 c,d   37.1 c  
 Xanthan gum   6.87 d,e   10.22 d   41.4 a,b  
 Locust bean gum   8.79 b,c,d   12.78 c,d   37.0 c  
 SEM   0.446   0.592   0.93 
 Signifi cance  ***  ***  *** 
 Effect of the level of DF addition 
 2.5%  10.73 A   15.13 A   42.1 A  
 5.0%   9.43 A   14.33 A   39.2 B,C  
 7.5%   9.71 A   14.12 A   40.1 A,B,C  
 10.0%   6.65 B   10.01 B   37.2 C  
 SEM   0.337   0.446   0.70 
 Signifi cance  ***  ***  *** 

   Notes: Within the same column, the values with the same letter are not signifi cantly different.   
 *** p  < 0.001; ** p  < 0.01; * p  < 0.05; DF – dietary fi bre; GI – glycaemic index; NS – not signifi cant. 
Predicted GI measured against a white bread standard.   
 Source: Adapted from Tudorica  et al.  (2002).     
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dose- responsive manner, as can be seen when evaluating differences between the 
different inclusion levels). 

 It is also important to note that not all fi bres behave in the same manner when 
reducing GI of foods. This was observed by Kristensen  et al.  (2010), who 
conducted research on 20 young adults in which wholemeal and refi ned wheat 
fl our isocaloric meals of bread and pasta were consumed. Interestingly, the 
researchers found no signifi cant differences between the meals from wholemeal 
and refi ned fl our in terms of glucose response (pasta meals gave a lower glycaemic 
response than others). The wholemeal bread meal yielded a reduction in hunger 
and increased satiety rating compared with the refi ned fl our bread. The different 
responses found in terms of bread and pasta suggest that food product form (i.e. 
in this case bread or pasta) can have a dramatic effect in terms of satiety and 
glycaemic response, and that different whole grains or dietary fi bre ingredients 
could exert different characteristics in different food forms. 

 When considering satiety regulation, it is useful to note that many studies 
have demonstrated the link between whole grain and dietary fi bre consumption 
and the feeling of satiety (Grandfelt  et al. , 1994; Liljeberg  et al. , 1999; Solah 
 et al. , 2007). Schroedar  et al.  (2009) investigated the potential benefi ts of whole 
grain consumption on satiety and energy intake by studying 47 subjects consuming 
a wholegrain enriched breakfast. Interestingly, they showed that intake of the 
wholegrain rich foods had no effect on overall energy intake, but that consumption 
of barley wholegrain foods as part of the breakfast reduced the feeling of 
hungriness before lunch. In observing this, they are also indicating that generalising 
all whole grains as having a similar effect is an oversimplifi cation of the issue and 
that some grains, and some dietary fi bres, behave differently from others. A 
similar observation was made by Berti  et al.  (2005) in studying wheat and oat 
wholegrain material. However, there remains a body of evidence which suggests 
that both insoluble (Porikos and Hagamen, 1986; Delargy  et al. , 1997) and soluble 
dietary fi bre components (Williams  et al. , 2006; Chow  et al. , 2007) have been 
shown to affect satiety.  

   13.4   Relationship between ingredient selection, processing 
and nutrition 

 So what is the relationship between whole grain/dietary fi bre, processing 
and human nutrition? Most extrusion processes subject the raw material (in this 
case, starch and other carbohydrates) to relatively high pressures, temperature 
fl uctuations and high shear (Jin  et al. , 1994; Wang  et al. , 1993). All of these have 
a signifi cant effect on starch and carbohydrate degradation. It is well known 
that extrusion technologies can be used to pre- digest starch molecules so that 
reductions in the molecular weight of the amylose and amylopectin content of 
starch can be seen after extrusion. This degradation of the starch molecule 
and reduction in molecular weight to shorter and simpler sugar units could 
explain the signifi cance of extrusion in the GI of extruded breakfast cereal 

�� �� �� �� ��



284 Fibre- rich and wholegrain foods

© Woodhead Publishing Limited, 2013

products. Although the extrusion process used for the production of pasta is 
less harsh (in terms of having a lower processing temperature, and potentially 
less mechanical energy input) than that of breakfast cereal production, some 
modifi cation of the starch molecule may occur during production. This 
modifi cation would be related to the particle size of the semolina used in the raw 
materials, the amount of water present in the system and the control of barrel 
temperatures during processing, all of which would affect overall pasta quality 
(eating and nutritional quality). In particular, the role extrusion plays in ‘fi lming’ 
the outer surface of pasta products still needs to be explored adequately. This fi lm 
formation on the outer surfaces of the pasta during extrusion would signifi cantly 
affect the ease of water penetration during cooking. 

 The fi lming around the starch granule can not only limit the degree of starch 
gelatinisation, and hence glycaemic response, but also affect the physical 
characteristics of pasta. For instance, Tudorica  et al.  (2002) illustrated that 
the fi rmness of dietary fi bre-enriched pastas was generally lower than that of the 
control, correlating this reduction in fi rmness with the increased moisture content 
and swelling index of these products in comparison to the control. However, some 
pastas containing locust bean gum or xanthan gum had moisture values similar 
to or higher than the control pasta, and at the same time their fi rmness 
showed increased values. The suggestion was that locust bean gum and xanthan 
gum contributed to the structure’s strength. The authors further illustrated 
that these pasta products showed low values obtained for cooking losses, indicating 
a well- formed structure from which a small amount of solids is released 
during cooking. Similar results have been reported by Edwards  et al.  (1995), 
reporting an improvement in pasta fi rmness without the alteration of cooking 
qualities when xanthan gum was added at levels of 1% or 2%. Additionally, results 
reported by Fardet  et al.  (1999) for pasta made from freeze- dried fl our fractions 
in which soluble fi bres accounted for 7% indicated that the fi rmness of pasta 
increased (and cooking loss decreased) with inclusion. The proposed explanation 
was the formation of a network by the soluble fi bre around the starch granules, 
leading to a stronger cohesiveness between starch and protein within the pasta 
structure. 

 It is clear that raw material qualities such as wheat fl our, semolina particle size, 
level of water addition and protein content will all affect pasta quality. Much 
research has been conducted on the importance of starch type, starch damage, 
protein content, semolina quality and starch gelatinisation on cooking time and 
quality of pasta (Dexter and Matsuo, 1977; 1980; Cubadda, 1988; Chung  et al. , 
2003; El-Khayat  et al. , 2003; 2006; Samaan  et al. , 2006). Part of this is related to 
dough hydration (water absorption from both the starch and protein components 
of the dough) and how hydration dynamics is associated with the fi nal structure of 
the pasta, the degree of starch swelling, gelatinisation and hence accessibility of 
degrading enzymes into the pasta structure. Addition of raw ingredients which 
have the ability to compete for moisture, and hence minimise starch hydration and 
gelatinisation during processing, would have an effect on the glycaemic impact of 
pasta. Wholegrain material and dietary fi bre have hydration characteristics which 
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have the potential to alter the water- holding capacity of a product and compete for 
water with protein and starch during dough development. 

 Much of our previous understanding of how fi bre and wholegrain material 
contribute to manipulation of starch digestion and GI has concentrated on the 
interactions of fi bre, protein and starch in altering the viscosity profi le of dough, 
the product structure and hence the rheological behaviour of digesta. Indeed, 
dietary fi bre has been used for many years to modulate the extent of starch 
swelling, gelatinisation and hence carbohydrate digestibility. For instance, soluble 
fi bres from pulses, vegetables, whole fruits, oats and barley form gelatinous gels 
within the stomach which appear to delay gastric emptying and enzymatic 
digestion (Jenkins  et al. , 1983), whereas insoluble fi bres have little effect on 
gastric emptying and no effect on glucose absorption. This may in part explain 
why high fi bre/wholegrain diets alone are not necessarily synonymous with low 
GI foods (Jenkins  et al. , 1983). 

 More recently, research from the King’s College group (Roder  et al. , 2009; 
Butterworth  et al. , 2011) has suggested that the main contribution to the potential 
glycaemic response of a product is related to substrate limiting events. For 
instance, Butterworth  et al.  (2011, 2012) suggest that all starch granules (and 
products) have the same glycaemic potential, with the rate of reaction being 
limited by the accessibility of amylolytic enzymes to starch components. Taking 
that further, Roder  et al.  (2009) have suggested that modulation of the glycaemic 
response of individuals to starchy foods is largely dependent on water mobility 
and the effects of water mobility on starch gelatinisation events. To this end, water 
appears to be the key component to investigate in future research. From a purely 
biochemical background, it is commonly believed that enzymes require water to 
function; thus, by limiting the water mobility in a food system during digestion, 
one can manipulate the enzyme kinetics of that food system and reduce the 
effectiveness of enzymes. Wholegrain material and dietary fi bre change the water 
mobility properties of foods, and in this way will contribute to the control of 
starch digestion and hence glycaemic response.  

   13.5  Conclusion and future trends 
 Wholegrain material and dietary fi bres are well documented in terms of exerting 
potential glycaemic response reductions when incorporated into food systems. 
Pasta represents a food system into which wholegrain material and dietary fi bre 
can be incorporated relatively simply. Pasta is also a commonly consumed food 
product and has the potential to reach a large consumer base. There is no doubt 
that pasta represents a good vehicle to enhance the dietary intake of whole grains 
and dietary fi bre. This in turn could lead to the development of fi bre- rich pasta 
food products. However, the implications of fi bre for the technological/processing 
parameters of pasta production should not be oversimplifi ed, and much research 
is still required to determine the effectiveness of individual dietary fi bres or 
wholegrain fractions on both product sensorial quality and nutritional value.   
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  Abstract:  Asian noodles are traditional foods that have emanated from eastern Asia. In 
their most popular forms, many of these noodles have distinct quality attributes that may 
be somewhat at odds with the quality attributes of wholegrain or fi ber- enriched 
alternatives. Wheat fl our noodles can be supplemented with a range of materials that can 
boost fi ber or resistant starch contents, with benefi cial health outcomes for consumers. 
A key factor in promoting the fi ber- enriched alternatives is to stop holding them to the 
standards of appearance and texture established for refi ned fl our versions. Similarly, 
non- wheat noodles may be supplemented to increase fi ber levels. Maybe more 
advantageously, there are opportunities to reformulate and to modify processing to 
increase the amount of resistant starch already available in some types of rice or 
starch noodles.  

   Key words:    noodles, wheat, starch, fi ber, resistant starch.   

    14.1  Introduction 
 By now we should all know about the benefi ts of a diet containing adequate levels 
of fi ber. The trouble is that many of us, faced with choosing between a traditional 
product made with refi ned fl our or a fi ber- enriched alternative, may choose the 
former. Why is this? In many cases, sensory factors such as appearance, color, 
texture, and taste win out over nutritional considerations. In the case of the noodles 
of eastern Asia, appearance is a particularly strong driver of consumer buying 
decisions, and the inclusion of colored fi ber- rich materials (e.g. bran) can be a 
barrier to consumer acceptance. For wheat fl our noodles, there is a widespread 
consumer preference for clean and bright color attributes. In the non- wheat noodle 
sector, transparency (e.g. starch noodles) and whiteness (rice noodles) are among 
the desired attributes (Lu and Collado, 2010). 

 Cooked noodle texture is also a factor in consumer acceptance of noodle 
products, and the textural characteristics of many of the different noodle types are 
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well established in culinary tradition. This leads to consumer expectations that a 
specifi c type of noodle should conform to the expected quality criteria, even if 
reformulated as a fi ber- enriched analog. The texture of noodle products is 
primarily determined by the characteristics of the starch, the major solid raw 
material. This pertains regardless of whether the noodles are made from wheat 
fl our with up to 12% or more protein or whether the noodles are made from a 
refi ned starch with only trace amounts of proteins. Given the importance of starch 
in defi ning noodle texture (Lu and Collado, 2010; Ross and Crosbie, 2010), it is 
logical to surmise that dilution of the starch with fi ber will infl uence processing 
characteristics and product texture. In one study on paste viscosity, fi ber was 
added to wheat fl our at replacement levels of up to 13% for individual fi ber 
preparations and up to 34% for combinations (Collar  et al. , 2006). In all cases, the 
hot paste viscosity of the composite fl ours was lower than the control, as could be 
anticipated simply from the dilution effect. However, the authors suggested that 
the reduction in peak viscosity also refl ected a reduction of starch granule swelling. 
This conclusion was in accordance with earlier work using barley  β -glucan at a 
5% replacement level (Symons and Brennan, 2004) and has implications for all 
sources of fi ber added to noodle formulations. (The term ‘ β -glucan’ will be used 
throughout this article to denote the mixed linkage  β ,1→3,1→4 glucans common 
in barley and oats, unless specifi ed otherwise.) 

 The fi ber content of existing noodle types varies greatly. Wheat fl our noodles 
made from refi ned fl our only have the limited amount of fi ber contained in the 
wheat endosperm. Starch noodles, such as rice and mung bean noodles, appear to 
be full of digestible carbohydrates with little fi ber, but research into their resistant 
starch (RS) content suggests otherwise. Other non- wheat noodles are models for 
high fi ber content. For example, the dry solids component of shirataki (konjac 
fl our noodles) is almost 100% indigestible polysaccharides, primarily de- 
acetylated glucomannans. The gelled glucomannans are effectively an analogue 
of a cellulose gel and the  β -anomeric confi guration of their glycosidic linkages 
makes the glucomannans also indigestible in the human gut. 

 Despite their currently small market share, wholewheat, wholegrain and fi ber- 
enriched noodles are considered to have market potential. For example, in 2010 
the Nestlé Corporation in Malaysia released Maggi® Tastylite™ Atta Whole 
Wheat Noodles®. The placement of these noodles in the instant noodle market 
sector, a sector strongly driven by price factors, is interesting, suggesting that 
fi ber- related health messages have gained traction in this price- sensitive, rather 
than nutrition- sensitive, product category. In North America, an informal survey 
of local food markets and Asian food specialty stores revealed a disturbingly 
meager collection of wholewheat, wholegrain, or fi ber- enriched noodles. There 
were a few examples of wholewheat udon and somen, wholegrain rice noodles, 
and a variety of soba (buckwheat) noodle products. Searching the web fi nds a 
better selection of wholegrain rice noodles, wholewheat udon and somen, and 
wholewheat durum ‘udon’ noodles. Outside their traditional markets in Asia, 
shirataki are also readily available in the western world. Clearly there are rich 
opportunities to enrich noodles with the diverse array of food- fi ber materials 
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available. Formulating them to be palatable while at the same time having enough 
fi ber to provide a benefi cial effect may not be so easy. We should take heart, 
though. Humanity’s earliest surviving example of noodle products is the 
2600-year- old Subeixi noodles made from millet ‘fl our’ (Gong  et al. , 2011; Lu 
 et al. , 2005). This fl our was most likely unrefi ned, despite suggestions that fl our 
refi nement by sifting could have been practiced in that era, at least in ancient 
Egypt (Samuel, 2009), leading to a food of relatively high fi ber content. 
Apocryphal writings also suggest that woven grass sieves may have predated the 
Subeixi noodles by at least 4000 years. Still, the Subeixi noodles are probably an 
ancient model for modern fi ber- enriched noodle products.  

   14.2  Noodle quality attributes 
   14.2.1  Quality of wheat fl our noodles 
 The processing of Asian wheat fl our noodles and their quality attributes have been 
extensively reviewed elsewhere, and readers are encouraged to seek these and 
other resources for further detail (Hou, 2010; Ross and Bettge, 2009; Fu, 2008; 
Crosbie and Ross, 2004; Hatcher, 2001; Corke and Bhattacharya, 1999). In 
summary, Asian wheat fl our noodles are made from fl our milled from both soft 
and hard common wheat and are commonly formulated with either or both salt 
(NaCl) and alkaline substances (e.g. Na 2 CO 3 ), and water. In commercial practice, 
Asian wheat fl our noodles are generally processed using a ‘sheet and cut’ process 
and differ in practice from European-style ‘pasta’ as a result of raw material 
selection, formulation, and processing. Pasta products are defi ned for the purposes 
of this chapter as extruded products made from durum wheat semolina and water, 
and these are covered in Chapter 13. Within the Asian noodle sector, products are 
differentiated by formulation (e.g. salted vs. alkaline), cross- sectional dimensions, 
and whether the cooked noodles are relatively fi rm or soft. Asian wheat fl our 
noodles are also subject to a variety of processes prior to packaging and 
distribution, creating an array of types: fried instant, steamed and dried instant, 
fresh, dried, par- boiled, and frozen, among others. 

 Wheat fl our noodle products should have an attractive appearance. Colors vary 
from nearly white to deep yellow when made from refi ned fl ours (Crosbie and 
Ross, 2004) and the desired hue is a function of noodle type, formulation, and 
regional preference. Good appearance in noodles made from refi ned fl our is also 
associated with freedom from discoloration and lack of bran specks (Symons and 
Brennan, 2004; Kruger  et al. , 1994). Discoloration increases as fl our extraction 
rates increase as a result of the disproportionate concentration of polyphenol 
oxidase (PPO) in the bran (Every  et al. ; 2006, Hatcher and Kruger, 1993). The issue 
of PPO-mediated darkening is indeed relevant to wholewheat noodles. Unpublished 
work from the author’s laboratory has demonstrated, unsurprisingly, that noodles 
made from low PPO varieties retain their freshly made hue for longer than noodles 
made from high PPO varieties. Indeed, it may be even more important to source 
low PPO wheat for milling when the destination target is wholewheat noodles. 
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 Cooked noodle texture is the other primary quality attribute and is also likely 
to be affected by wholewheat or fi ber- enriched formulations. Softer types of 
noodles (‘soft- bite’, e.g. udon) are generally formulated with fl our, salt and water, 
and are made from fl ours with moderate protein content (9.0–10%), medium–
strong dough characteristics, and high swelling starch. The high swelling starch 
has a reduced amylose content. This may be a factor in starch digestibility and, at 
least  in vitro , higher starch digestibility has been observed for reduced amylose 
wheat starches (Mangalika  et al. , 2003). In the absence of a source of high swelling 
wheat fl our, it is common to add other starches such as potato starch to achieve the 
desired softness and elasticity. The soft- bite noodles at their optimum are 
characterized by a ‘long’ texture, quantifi ed as a large fracture strain (Ross, 2006). 
The presence of bran particles from wholewheat fl ours probably has the effect of 
reducing the fracture strain, potentially giving the noodles a rather brittle 
mouthfeel. 

 The hard- bite noodle category encompasses a greater range of formulations 
that also include alkaline compounds and in some instances, especially in ‘instant’ 
noodles, additionally include gums and polyphosphates (Crosbie and Ross, 2004; 
Hou and Kruk, 1998). Hard- bite noodles are generally made from wheat fl ours of 
moderately high to high protein content (10.5% to >13.0%) that have moderately 
strong to strong dough characteristics, and may have either high or low swelling 
starches (Ross and Bettge, 2009; Crosbie and Ross, 2004; Crosbie  et al. , 1999).  

   14.2.2  Quality of noodles from other botanical sources 
 Noodles are also made from fl ours or refi ned starches of plant species other than 
wheat, such as mung bean, sweet potato, pea, potato, corn, and rice. These noodles 
share a common need to be processed using a combination of ungelatinized and 
gelatinized fl our or starch (Lu and Collado, 2010; Tan  et al. , 2009). The gelatinized 
portion is needed as a result of the non- cohesive nature of ‘dough’ made from 
non- wheat sources. In traditional methods, the dough is either dropped by gravity 
into boiling water to gelatinize the starch to form the noodle strands, or formed 
into sheets over a rotating heated drum. The drum partially cooks the starch, 
forming a sheet that is then chilled and cut into strips. Modern methods may 
utilize extrusion and steam cooking to form the sheet and cook the starch. Chilled 
noodles are cut into strips in both modern and traditional processes. The chilling 
step is interestingly parallel to traditional routines in which cooked noodles were 
held at sub- freezing temperatures during the customary time for noodle processing 
in the winter months (Lu and Collado, 2010). Of course we know in the modern 
era that the chilling retrogrades the starch. This not only makes the noodle sheets 
strong enough to perform adequately in the cutting process but is also a process 
by which the formation of RS may be enhanced. All starch noodles are then dried 
to a moisture range of 10 to 14.5% (Tan  et al. , 2009). The processes have been 
reviewed in detail (Lu and Collado, 2010; Tan  et al. , 2009). 

 Quality of rice and starch noodles is relative to the product type. Fresh rice 
noodles should have smooth surface characteristics, which includes a glossy 
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appearance, with a white color, a characteristic aroma depending on whether or 
not they are fermented, and a smooth, chewy and elastic, and ‘non- gritty’ 
mouthfeel (Lu and Collado, 2010). Grittiness may be related to dry- milled rice 
with a larger particle size distribution compared with the wet- milled raw material. 
Dried rice noodles have similar requirements for cooked texture to their fresh 
counterparts. Starch noodles should have ‘absence of discoloration, high 
glossiness, and high transparency’ and when cooked should be ‘fi rm, chewy and 
not sticky on standing after cooking’. Low cooking losses and short cooking times 
are also desired traits (Tan  et al. , 2009).  

   14.2.3  Quality assessment of composite fl our noodles 
 It is typical of most studies investigating the use of higher- fi ber fl ours or other 
fi ber- rich materials in noodles to use the quality parameters of noodles made with 
refi ned fl our or starch as the gold standard. Sometimes this fl our is very refi ned, 
with some ‘premium’ wheat fl our noodles made with specialized fl ours that 
effectively only use the central endosperm of the wheat. It is of value to consider 
the alternative of holding wholewheat- or, say, barley-enriched noodles to a 
different standard of texture and taste. For example, eastern Asian milling 
technology before the onset of the modern roller- mill era was stone milling, little, 
if at all, different from the stone milling technology of the west. Given the 
diffi culty of separating out fi nely ground bran in these all- in-one milling processes, 
even the best sifted fl ours probably had a light brown color cast and the ‘gold 
standard’ of a gleaming white noodle was probably not attainable. So what was 
the gold standard, say in the Han Period 2300 years ago? This is when the modern 
form of the noodle is reputed to have fi rst appeared (Corke and Bhattacharya, 
1999) and the gold standard might better be described by the characteristics of the 
Subeixi noodles (Gong  et al. , 2011).   

   14.3  Wholewheat noodles 
 Exhaustive searching in both formal and informal databases and search engines 
yields almost no peer- reviewed technical information about wholewheat Asian 
noodles. Indeed, the index of the most recent monograph on Asian wheat fl our 
noodles has no entry for ‘whole- wheat’ (Hou, 2010). There has been some work 
in which noodles were made with very high (95%) extraction fl ours (Ambalamaatil 
 et al. , 2006), but otherwise there is, unbelievably, almost nothing. There is a rich 
history and literature regarding wholewheat pasta, and the introduction to this 
article described the ‘atta’ instant noodles marketed in Malaysia. One possible 
aspect of the poor market penetration of wholewheat noodles is summarized in 
personal correspondence with Dr Gary Hou (December 2010): ‘Although we 
have been promoting whole- wheat noodles and high- fi ber noodles in recent years 
to noodle manufacturers, we have not seen much success yet, especially for the 
whole- wheat noodles. The main obstacle to the success of whole- wheat noodles 
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is the noodle texture and mouth feel. Asian consumers are not ready to accept this 
type of product with rough and gritty texture. Another issue is discoloration for 
untreated fresh [whole- wheat] noodles . . .’. There are substantial challenges in 
formulating wholewheat Asian- style noodles that would parallel issues related 
to long goods in durum pasta production. Readers are encouraged to read 
Chapter 13 of this book to get insight into the main issues. 

 The fi rst challenge is the issue of color. With the high value placed on bright, 
clean colors in the refi ned fl our products, it would seem that the brownness of the 
wholewheat noodles may be an impediment. A starting point would be to use fl our 
milled from white- grained wheat. Ambalamaatil  et al.  (2006) showed that 
95% extraction fl ours from white- grained wheat were equally bright as or brighter 
than 74% extraction fl ours milled from red- grained wheat. It takes no leap of 
imagination to recommend additionally the use of wholewheat fl our milled 
from varieties with very low PPO activity in order to minimize darkening, given 
the high concentration of PPO in the bran. A more radical suggestion is to use 
whole- durum fl our. Durum’s signifi cantly lower kernel PPO level (Demeke and 
Morris, 2002) minimizes darkening. There have already been some investigations 
of durum fl our for Asian noodle production (Hatcher  et al. , 2009; 2008a) and 
these studies are a good starting point to further investigate its use in wholewheat 
Asian noodle products. 

 From a textural perspective there would also appear to be parallels with durum- 
based pasta long goods. Wholewheat pasta long goods are reported to be stronger 
when dried at low temperatures (temperatures typical of dried Asian noodle 
production), but that is really the end of the good news. Wholewheat pasta had 
weak dough properties, higher cooking losses, and reduced cooked fi rmness 
(Manthey and Schorno, 2002). The authors attributed the differences to the 
disruption of the gluten network by bran and germ particles. It seems unlikely that 
a different outcome would accrue in Asian noodles. A micro- fi ne bran (e.g. milled 
to fl our particle size or smaller) might be of value. 

 In that vein, although not wholewheat  per se , a recent study that added wheat 
bran to dry white Chinese noodles (DWCN) encapsulates the general challenges 
encountered in formulating wholewheat noodles (Chen  et al. , 2011). In this study, 
bran was added at 0 to 20% replacement of the refi ned fl our, placing it in the range 
of bran concentrations from straight- grade to wholewheat. Additionally, the 
researchers ground the bran to three different fi neness grades, defi ned by their 
average particle sizes: 1.73 mm, 0.53 mm, and 0.21 mm. In general, processing 
performance and noodle quality declined with both the amount of included bran 
and increased particle size. Dough properties showed an overall decline in 
parameters related to dough strength as both bran concentration and particle size 
increased. Flour pasting peak (hot paste) and fi nal (cooled paste) viscosities 
declined with added bran, but the amount of bran was the primary effect. Dry 
noodle strength declined with increased bran concentration and bran particle size. 
This pattern was repeated for cooked noodle hardness, springiness, cohesiveness, 
and chewiness. In all cases, the worst performance came from the noodles with 
20% bran addition at the 1.72 mm particle size. As noted above, bran may impart 
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a gritty mouthfeel. Grittiness was reported after the inclusion of a fi ne soft- white 
wheat bran (passing a 1 mm screen) at up to 8% fl our replacement (Sievert  et al. , 
1990). Chen  et al.  (2011) showed clearly that bran with fi ner particle size was of 
technological value in the noodles, but what about the effect of particle size in the 
colon? It has been shown that smaller bran particle size increases short- chain fatty 
acid (SCFA) production but that the molar concentration of the benefi cial SCFA 
butyrate is enhanced at larger particle sizes (e.g. Stewart and Slavin, 2009). There 
is some evidence that coarser bran increases stool weight compared with fi ner 
bran at the same feeding rate (reviewed by Papanikolaou and Fulgoni, 2010). 
However, there is no dispute, at least in this author’s mind, that, for generally 
healthy individuals, any bran is better than none at all!  

   14.4  Fiber- enriched wheat fl our noodles 
   14.4.1  Addition of high- fi ber fl ours 
 There is a long history of combining wheat fl our with other fl ours in Asian noodle 
manufacture. The most visible manifestations of this are ‘soba’ (Japan) and 
‘naengmyon’ (Korea) (Hatcher, 2001). These are made with blends of wheat 
and buckwheat ( Fagopyrum  sp.) fl ours. Buckwheat has unique fl avor and aroma 
and is cherished for these attributes. Buckwheat groats add dietary fi ber at varying 
concentrations to the formulation depending on the milling process used for the 
buckwheat and the level of admixture. Soba were the most common source of 
fi ber- enriched noodle products in an informal survey of fi ber- enriched noodles in 
North America. The soba products that were examined varied in claimed dietary 
fi ber percentages from 8 to 17%, despite evidence that, at around 7% (Hatcher 
 et al. , 2008; Wijngaard and Arendt, 2006), whole buckwheat fl our has less 
fi ber than that claimed on most packages. However, Hatcher  et al.  (2008) did 
report that a dark buckwheat fl our that included fi ne bran could have up to 
22% dietary fi ber. 

 Barley fl our has also been added to wheat fl our noodles in attempts to formulate 
products with better nutritional profi les. However, not all barley fl ours are the 
same. Prior to milling into fl our, hulled barley needs to have the unpalatable (but 
insoluble fi ber- rich) hull removed, most commonly by abrasion. The remaining 
dehulled or pearled kernel has varying amounts of bran retained depending on the 
extent of the dehulling operation. Hull- less (free- threshing) barley varieties have 
no need of abrasive dehulling and therefore retain all of their bran when milled as 
whole grains. But even pearled barley can retain useful amounts of the important 
soluble fi ber component  β -glucan, which has been reported to be fairly evenly 
distributed in the endosperm (Miller and Fulcher, 1994). There are other reports 
showing  β -glucan concentrated in the sub- aleurone layer in lower  β -glucan, hull- 
less types (Zheng  et al. , 2000). If this is also true for low  β -glucan hulled types, 
 β -glucan might be reduced in concentration by abrasive dehulling. The 
demonstrated ability to concentrate  β -glucan in selected milling fractions 
(Izydorczyk and Dexter, 2008) suggests that care should be given to the type of 
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barley fl our being sourced when fi ber enrichment of the products is a goal, to 
ensure that fi ber targets are met. 

 Barley–wheat composite fl ours have been investigated in a number of studies. 
Baik and Czuchajowska (1997) used up to 20% barley fl our milled from hull- less 
varieties. They observed substantial effects on technological measures of fl our 
quality (e.g. paste viscosity) but saw little difference in the mechanical properties 
of the cooked noodles when made with non- waxy barley. Waxy barley did soften 
the noodles, but it was not made clear whether this was to a detrimentally soft 
level. In another study, an array of pearled and roller- milled hull- less barley fl ours 
were used to make 20/80 and 40/60 composite barley–wheat fl ours for alkaline 
noodle production (Hatcher  et al. , 2005). The results of the 40% addition were 
more straightforward and are summarized here. At 40% barley fl our, the authors 
reported that the dough required more water for optimum handling and that all 
doughs required less work to sheet regardless of whether the barley fl our had 
normal, waxy, zero- amylose waxy, or high-amylose starch. Signifi cantly, the 
authors reported no sheet breakage or other handling diffi culties, despite the 
dilution of wheat gluten in the 40/60 barley–wheat composite fl ours. All cooking 
times were reduced at 40% barley addition, with the two waxy fl ours reducing 
optimum cooking time from 6.5 to 3 min. The shorter cooking times were 
considered responsible for reducing cooking losses. Variations of the cooked 
noodle physical properties were considered to be interactions between the starch 
type in the barley fl our and cooking time. For example, compared with the wheat 
fl our control, the waxy barley fl ours gave higher maximum cutting stress (cooked 
noodles were harder) but much faster relaxation times in a stress relaxation test 
(the cooked noodles had a more fl uid- like character). These are to some extent 
contradictory mechanical signals. Similar results were also reported in a study 
after addition of a fi ber- rich barley fraction (Izydorczyk  et al. , 2005). Neither 
study reports how the texture, as perceived as by human subjects, was affected by 
this interesting mix of physical properties. Alkaline noodle color was affected 
‘detrimentally’, that is, the noodles were darker, redder, and less yellow at 40% 
barley addition (Hatcher  et al. , 2005). I think that, once again, some thought on 
what constitutes the gold standard is required. Hatcher and colleagues addressed 
the issue directly: ‘While color and appearance generally play an important role 
in consumer acceptance and choice of food, certain food markets are more open 
and skewed toward less conventional products. For example, the traditional 
buckwheat noodles of Japan (soba) and Korea (naengmyon), deviate signifi cantly 
from the common bright yellow or white color, but offer highly desirable texture, 
taste, and nutritional values and therefore are well established in their respective 
marketplaces.’ These authors again addressed this matter in their conclusions, and 
readers are directed to those comments as well (Hatcher  et al. , 2005). Hatcher’s 
research group also carried out a parallel study on dried salted noodles (Lagassé 
 et al. , 2006). In general, the results for cooking times, cooking losses, and cooked 
noodle physical properties paralleled those seen in their prior study on alkaline 
noodles (although the stress relaxation test was not repeated). The shorter cooking 
times reported again bring up an important issue with regard to the health benefi ts 
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of the added barley: what happens to the soluble  β -glucan during cooking? It 
appears that the reported shorter cooking times are an advantage and that there are 
only small losses, in the order of 2 to 4% of the total  β -glucan present before 
cooking. Low  β -glucan losses were also observed when cooking dried noodles, 
which necessarily take longer to cook (Izydorczyk  et al. , 2005). Rye fl our has 
been added at 30% replacement with similar results for color and cooked noodle 
texture to those reported for barley (Kruger  et al. , 1998). Kruger and co- workers 
highlighted the effect of the choice of the base wheat fl our, showing, not 
surprisingly, better outcomes with a high-protein fl our with stronger dough 
properties. 

 Green banana fl our has been used at 30% replacement with positive effects on 
fi ber, RS, and phenolic contents of the resultant noodles (Choo and Aziz, 2010). 
The banana fl our composite noodles were harder than a comparable soba noodle 
sample. The authors did not compare the composite fl our noodles with the 100% 
wheat fl our as a control. The banana composite noodles also showed benefi cially 
reduced glycemic index and carbohydrate digestibility rates. Many other fl ours 
have been tried in noodles, with the expected changes in color, texture, and 
nutritional value related to the composition of the supplemented fl ours. These 
have included sweet potato (Collins and Pangloli, 1997), soybean (Chen  et al. , 
2010), and garbanzo bean (Lee  et al. , 1998).  

   14.4.2  Addition of specifi c fi ber materials 
 Refi ned fi ber sources have also been added to wheat fl our noodle formulations 
with the implied expectation that enough fi ber can be added to gain a benefi cial 
dietary effect without the consumer actually noticing that they are consuming 
a fi ber- enriched product: the fi ber- by-stealth approach. A great variety of 
materials have been added that fi t this broad defi nition of dietary fi ber: ‘dietary 
fi ber consists of all carbohydrate components that are non- digestible to mammalian 
enzymes’ (McBurney, 2010). These have included soy polysaccharides 
(Sievert  et al. , 1990), psyllium (mostly arabinoxylan) (Czuchajowska  et al. , 
1992), fi ber-enriched barley fractions ( β -glucan and arabinoxylan) (Izydorczyk 
 et al. , 2005), oat  β -glucan (Inglett  et al. , 2005), guar gum (galactomannan) (Yu 
and Ngadi, 2006), alginate (a block copolymer of guluronate and mannuronate), 
and curdlan ( β ,1→3 glucan) (Lee  et al. , 2008), among others. Given the diversity 
of materials that have been applied, only a small selection will be reviewed 
in detail. 

 A number of investigations have looked into formulating wheat fl our 
noodles with  β -glucan- rich materials. The study of Izydorczyk  et al.  (2005), 
which used fi ber-enriched barley fractions, showed similar effects to that 
of adding unfractionated barley fl our. Oat- based  β -glucan materials have also 
been investigated (Inglett  et al. , 2005). Noodles were supplemented with 
‘Nutrim’, a freeze-dried extract of oat solubles, including soluble  β -glucan 
(Carriere and Inglett, 2000). The noodles investigated were not standard 
wheat fl our noodles, but included rice fl our. In salted noodles, Nutrim at 10% 
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addition had no effect on cooking loss with 20% rice fl our addition but 
increased cooking loss at higher rice fl our levels. Nutrim decreased salted noodle 
hardness at all rice fl our levels. In alkaline noodles the effects were less 
pronounced, with smaller increases in cooking loss and variable effects on cooked 
noodle hardness, decreasing hardness at 20% rice fl our addition but increasing it 
at 50% rice fl our. Another study using Nutrim had the specifi c goal of formulating 
to 0.75 g soluble fi ber per serving (Mohamed  et al. , 2005). This was achieved at 
20% addition of Nutrim. Nutrim at 20% addition level increased optimum water 
addition for dough formation and decreased dough mixing stability. Raw 
(uncooked) noodle color was substantially darker, slightly redder, and noticeably 
yellower after Nutrim addition. Cooked noodle hardness and chewiness were 
drastically reduced, although cohesiveness and resilience increased, and 
springiness remained the same. Overall, even the authors had to conclude that, at 
the addition levels needed to meet the US soluble fi ber health claim of 0.75 g per 
serving, the Nutrim supplemented noodles were ‘somewhat acceptable’. This 
highlights the challenges of getting suffi cient fi ber into a product without 
decreasing its culinary desirability. 

 Alginates are an interesting polysaccharide category, with the potential to both 
provide health benefi ts (expanded below with respect to rice noodles) and 
improve, rather than diminish, the culinary quality of noodle products. Evidence 
of this was shown after alginate was added to wheat fl our noodles (Lee  et al. , 
2008). Up to the maximum level used, 1.5% addition on a fl our basis, alginate 
addition improved cutting force and tensile strength and reduced cooking 
loss in salted noodles. Dough properties were affected, with increased 
development times and decreased stability, and these changes might be of some 
concern in commercial production. Noodle color was darker and slightly 
yellower. To achieve the 1.5 g per meal dose shown to decrease cholesterol 
uptake in obese individuals (Paxman  et al. , 2008), consumers would need to eat 
around 200 g of cooked noodles at the 1.5% addition level. This is about 
two standard servings converted from a dry- basis serving size of 40 g 
(Mohamed  et al. , 2005) (dry salted noodles have cooked noodle yields at least 
double the weight of the dried noodles). Indeed, rather than health factors, if 
alginate were suffi ciently inexpensive, its addition could be considered a useful 
functional intervention for improving the cooking performance and cooked 
noodle texture when less expensive lower-protein fl ours are used for hard- bite 
styles of wheat fl our noodles. Alginate, with and without curdlan and starch, 
has also been used to create structure and improve the texture in noodles 
made with a so- called hypoallergenic wheat fl our, a product with a highly 
hydrolyzed gluten fraction (Oishi  et al. , 2009). Although the products had higher 
cooking losses and were softer than the control noodles, they may have a role for 
gluten- sensitive individuals. 

 One study that may be of interest added green seaweed (Family: Chlorophyta) 
powder to salted noodles with and without added egg. The Chlorophyta seaweeds 
contain a family of sulfated polysaccharides named ulvans at 8–29% (dry weight 
basis) (Lahaye and Robic, 2007). These polysaccharides have molecular weight 
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(MW) up to the order of 10 6  and have been shown to have a range of pharmacological 
effects beyond their contribution as a fi ber source (Karnjanapratum and You, 
2011). Chang and Wu (2008) added powdered green seaweed up to 8% (fl our 
basis) (up to ∼0.8 to 2.4% ulvan, based on Lahaye and Robic, 2007). Seaweed 
noodles showed higher cooked noodle yields, reduced cooking losses, and reduced 
cooked noodle tensile breaking strength, springiness, and extensibility. Sensory 
evaluations concurred on the noodles’ mechanical properties. However, panelists 
rated the seaweed noodles better for color than the white fl our control when the 
high-quality anchor was a green tea soba, not the white fl our noodles. 

 Polysaccharides are commonly added to instant noodle formulations at low 
levels for their functional attributes (Hou and Kruk, 1998). It is easy to envisage 
increasing the levels of these fi ber materials to a level that invokes a health benefi t 
at a reasonable serving size without substantially altering the physical properties 
or appearance of the product. In fact, a broader benefi t might accrue if the added 
polysaccharides were formulated in such a way that they also reduced fat uptake 
during the frying of instant noodles, as has been demonstrated for some gums. For 
example, guar gum addition at 0.37% reduced fat uptake during frying of instant 
fried noodles by just over 3% (from 24% down to just under 21%) while 
concurrently increasing cooked noodle fi rmness (Yu and Ngadi, 2006). Cellulose 
gums (Cash and Caputo, 2010) and curdlan (Khan  et al. , 2007) have also been 
suggested for fat reduction in instant noodles. Curdlan has also been shown to 
improve elasticity in cooked instant noodles (Khan  et al. , 2007). Clearly, from a 
fi ber intake perspective there are opportunities to further decrease fat uptake 
while at the same time increasing fi ber content of instant noodles to levels of 
practical value.   

   14.5  Wheat fl our noodles and resistant starch 
 Research into the abundance in or addition of RS to Asian wheat fl our noodles is 
sparse. Gelroth and Ranhotra (2000) indicated that two types of Asian- style wheat 
fl our noodles had 0.4 to 0.5 g/100 g of RS on an as- served basis. For comparison, 
white pan bread had 0.9 g/100 g of RS. There appears to be an opportunity for 
adding RS to wheat fl our noodle formulations, particularly where the texture 
characteristics are expected to be fi rm and where the low swelling power of high- 
amylose starches could be a unique way of adding hidden fi ber to the product 
while enhancing textural qualities. Rendón-Villalobos  et al.  (2008) added plantain 
banana ( Musa paradisiaca  L.) up to 30% replacement in salted noodles and 
showed a modest increase from 1.9 to 2.2% (dry basis) RS at a 30% banana 
addition. This was paralleled by a decrease of around 5% in  in vitro  digestibility 
of the noodles. Decreased starch digestibility has also been reported in alkaline 
noodles with green Cavendish banana fl our (Saifullah  et al. , 2009). Similarly, 
when plantain starch was added to salted noodles (Osorio-Diaz  et al. , 2008) there 
was a modest increase in RS from 2.7 to 4.6% and a parallel modest decrease in 
available starch.  
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   14.6   Wholegrain and fi ber- enriched noodles from 
other botanical sources 

   14.6.1  Fiber enrichment of rice noodles 
 As has been the experience when researching addition of fi ber materials to other 
types of noodles, the addition of fi ber materials to rice noodles has primarily been 
done to improve the processing, storage, or culinary quality of the product. Only 
recently has this transformed to the idea that there may also be health benefi ts. 
Informal sensory evaluations of a commercial wholegrain (brown) rice noodle 
were conducted in the author’s laboratories. This evaluation directly compared 
the brown rice noodles with white rice noodles from the same manufacturer. Both 
noodle types had the same cross- sectional dimensions. Perceived textural defi cits 
were reduced tensile strength and a more brittle, less chewy mouthfeel. Although 
the bran appeared to have been ground very fi nely, it may be valid to speculate 
that it interfered with the three- dimensional polymeric (starch) network, leading 
to the diminished textural quality. 

 Alginates have also been proposed as additives for rice noodles, and noodles 
supplemented with alginate may, in addition to increased fi ber content, also have 
improved texture if treated in a calcium bath during processing (Onsøyen, 2001). 
Alginate has been shown to have benefi cial effects when consumed in the diet. 
For example, a 1.5 g dose reduced uptake of glucose and cholesterol in obese 
subjects (Paxman  et al. , 2008). There is evidence that the effects of alginate on 
satiety may rely on gelation of the alginate in the gut (Hoad  et al. , 2004). 
Nonetheless, alginate added to rice noodles and gelled during processing 
(before consumption) was shown to reduce  in vitro  starch digestibility, and 
at the same time reduce cooking loss and soluble starch leakage (Koh  et al. , 2009). 
These attributes were more evident with a stronger gelling high- guluronate 
alginate sample. There was some darkening of rice noodle color related to 
alginate addition, but in the intended target product—instant rice noodles in 
soup—this may not be a signifi cant factor in consumer choice. Using rice fl our 
gels as analogs for rice noodles, Huaisan  et al.  (2009) added guar gum, 
high- methoxy pectin, and alginate. This study observed some benefi cial 
effects of high- methoxy pectin on the stability of the frozen gel, and maybe by 
inference frozen rice noodles. However, at the highest level of addition used in 
this study of 0.6% (fl our basis) this would make only a minor contribution to total 
fi ber intake. Yalcin and Basman (2008) added xanthan and locust bean gums to 
rice noodle formulations up to a maximum level of 3% (w/w). Xanthan was more 
effective for most noodle quality-related parameters, showing decreased cooking 
loss and increased maximum cutting force. Color was little affected. Xanthan was 
rated by sensory analysis to have improved noodle surface and chewing properties, 
as well as taste. 

  Rice noodles and resistant starch 
 One perspective on starch- rich products such as rice noodles is to examine the 
potential for the presence or induction of a RS fraction that could then exert the 
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known benefi cial effects of RS in the gut of the consumer. Rice starch with >25% 
amylose is reported to be preferred for products that require an intact cooked 
product (Juliano, 2005) and can be a preferred raw material for rice noodles (Lu 
and Collado, 2010). Coincidentally, this is a useful starting material for the 
production of RS3 (retrograded starch). 

 Rice noodles in a broad sense have been identifi ed as intermediate to 
low glycemic index foods, with glycemic index values ranging from 37 (Ranawana 
 et al. , 2009) to 83 (Juliano, 2005). This occurs even without specifi c interventions 
to decrease starch digestibility. RS content of rice noodles was reported to be 
almost 10% of total starch (~ 2% on an as- eaten basis) (Chen  et al. , 2010) but 
there are clearly both processing and formulation strategies that could increase RS 
levels and hence lower starch digestibility in rice noodles. For example, Lu 
and Collado (2010) report the use of  Cannaedulis  starch as an additive in rice 
noodles. Canna starch’s reported amylose content (29% (Lu and Collado, 2010); 
34% (Watcharatewinkul  et al. , 2009)) suggests the potential for enhanced 
levels of RS under appropriate processing conditions. Other high-amylose 
starches such as pea starch may also be applicable either as native starches 
or after treatments (e.g. lintnerization) aimed at increasing RS3 content 
(Lehmann  et al. , 2003). Caution needs to be exercised, though. The strong 
retrogradation properties of some starches may make them unsuitable for frozen 
rice noodles, as potentially poor freeze–thaw stability could affect quality. 
Similarly, for fresh rice noodles, even after a chilling step to make them amenable 
to cutting, further retrogradation and the consequent syneresis could make the 
noodles undesirable.   

   14.6.2  Fiber enrichment of starch noodles 
 In this category of noodles it is clear again that most of the work on fi ber 
enrichment has been related to processing, storage, and culinary quality rather 
than health benefi ts. The use of polysaccharides in starch- based systems analogous 
to noodles was recently reviewed (Tan  et al. , 2009). In this instance, most of 
the reviewed studies looked at gels as model systems for noodles. The reviewed 
studies covered konjac glucomannan, guar galactomannan, and a recently 
‘discovered’ polysaccharide from a source that has been used in Chinese medicine 
for centuries. The ‘new’ polysaccharide complex comes from the seeds of 
 Artemisia sphaerocephala  in the family Asteraceae.  Asphaerocephala  is thought 
to have pectic polymers with arabinogalactan side chains and the putative presence 
of a 4-O-methyl glucuronoxylan, which is considered to be bioactive (Batbayar 
 et al. , 2008). However, Zhang  et al.  (2007) only reported the presence of arabinose, 
xylose, lyxose, mannose, glucose, and  D -galactose, but no acidic monosaccharides 
or methylated glucuronic acid. The reported ability of  Asphaerocephala  to 
improve chewing quality and elasticity in noodles (Xing  et al. , 2009) may 
suggest an anionic polymer with gelling capabilities similar to alginate or 
low- methoxypectins.  Asphaerocephala  gum is reputed to be effective against 
diabetes and has a clinical record in animal studies to support that conjecture 
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(e.g. Xing  et al. , 2009).  Asphaerocephala  gum also has the interesting property of 
being able to aggregate sandy soil (Batbayar  et al. , 2008). 

  Starch noodles and resistant starch 
 The situation with the other starch- based noodles is similar to that of rice noodles. 
There is already a need to retrograde starch in processing in order to achieve the 
desired storage and culinary attributes expected of the products. Lu and Collado 
(2010) indicate that ‘processes are employed to enhance retrogradation such as 
the application of low temperature conditioning after gelatinization’. They went 
on to indicate that this step sets the noodle structure. If the retrogradation, and in 
particular amylose retrogradation, were not promoted, the noodles might simply 
dissolve in the soup: not a desired outcome. The resistance of retrograded amylose 
crystallites to melting at temperatures below 100°C (Delcour and Hoseney, 2010) 
is the basis of this persistent structure. 

 Specifi c studies have been done on RS and related digestibility factors in starch 
noodles. A recent study is used here as an example of the potential of starch 
noodles to contribute to improved glycemic outcomes, presumably as a result of 
having starch that is slowly digestible or resistant to digestion by amylase. Lin 
 et al.  (2010) investigated mung bean noodles. They observed in human feeding 
trials of equivalent carbohydrate portions that the mung bean noodles decreased 
peak blood glucose concentration by half compared with white bread and by 
about one- third compared with a  Japonica  brown rice. Of the foods tested, the 
mung bean noodles were most effective at decreasing the insulin response, 
decreasing it by nearly half compared with white bread, but also delaying the peak 
in plasma insulin by approximately 15 minutes. Adlay ( Coxi lachrymal- jobi ), 
brown rice, taro, and yam all had only modest reductions (~10%) in insulin 
response compared with the white bread sample. Even better, despite being made 
entirely of starch, the mung bean noodles combined low glycemic index, and 
reduced insulin response, with the lowest glycemic load of the tested foods.    

   14.7  Conclusion 
 Greater awareness of the value of an adequate fi ber intake will drive consumers to 
demand high fi ber variants of traditional products. This demand will lead to 
innovation that will create palatable and nutritious noodle products that meet the 
culinary expectations of consumers. Opportunities are abundant for the use of 
composite fl ours in wheat fl our noodle types. These could not only boost the fi ber 
content but also, with the advent of high- amylose wheat varieties, boost the RS 
content of these popular noodles. Of course, there are also abundant opportunities 
to enrich all noodle types with a variety of more or less refi ned fi ber sources, 
ranging from green seaweed powder to cellulose gums, and to take steps to further 
decrease or slow starch digestibility. It is clear, though, that the culinary community 
needs to be enlisted to highlight the ‘delicious  and  nutritious’ potential of the next 
generation of nutritionally more valuable noodles.   
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  Abstract:  Dairy products can be a suitable carrier food for fi bre enrichment. Such 
products include beverages, puddings, yogurts, frozen desserts and others. Consumers 
have shown a willingness to consume such products as an avenue for enhanced fi bre 
intake and health benefi ts. For highest concentration potential in high water- containing 
products, viscosity of the fi bre should be low, provided that the fi bre also contributes 
positively to a wide range of health benefi ts. Thus far, inulin, gum Arabic, polydextrose 
and soluble soybean polysaccharides have all been successfully fortifi ed into various 
dairy products, while other gums also may have potential. Protein–polysaccharide phase 
separation in such products has to be controlled.  

   Key words:    milk, dairy products, dietary fi bre, soluble fi bre, fortifi cation.   

    15.1  Introduction 
 Milk is not a natural source of soluble or insoluble fi bre in the human diet. Human 
milk and human colostrum may contain up to 12–13 and 22–24 g/l of 
oligosaccharides, respectively, many of which are not digested in the small 
intestine, whereas bovine colostrum contains only ~1 g/l and only trace amounts 
are found in mature milk (Urashima  et al. , 2009). The fate of these human 
colostrum and human milk oligosaccharides is undoubtedly fermentation in the 
colon, as prebiotics to help establish a microfl ora rich in bifi dobacteria and other 
benefi cial species. Although this is a very interesting natural source of prebiotics 
in the diet of the human infant, for the general milk- consuming public any fi bres 
that dairy products contain would be added for their health benefi t by dairy 
processors and sold as such. 

 There is increasing interest from food processors and consumers in voluntary 
enrichment or fortifi cation of soluble fi bre in food products that are part of the 
human diet, to compensate for the defi ciency in the diet of the general public due 
to lack of suffi cient natural sources of fi bre: fruits, vegetables, legumes, whole 
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grains, and so on. Soluble fi bres contribute a large number of health benefi ts to 
human diets, and, although recommendations for inclusion of both soluble and 
insoluble fi bres in the diet are usually given by health- promoting governmental 
agencies (e.g. 38 g/day for men and 25 g/day for women in the Dietary Reference 
Intakes as established by the Institute of Medicine in North America), there tends 
to be a large gap (the ‘fi bre gap’) between recommended amounts and those 
actually consumed. For example, in Canada, surveys of nutrient intakes from 
foods indicate that mean dietary fi bre intakes ranged from 14.3 to 16.6 g/d for 
women and from 16.5 to 19.4 g/d for men (Health Canada and Statistics Canada, 
Canadian Community Health and Nutrition Survey). While a preferable strategy 
would be to consume fi bre from whole food sources, fi bre enrichment of foods 
would be a preferred strategy to fi bre supplements, due to the nutrient density 
associated with appropriate carrier food selection (Marlett  et al. , 2002; Redgwell 
and Fischer, 2005; Anderson  et al. , 2009). 

 The health benefi ts of soluble fi bres in the diet are well known and discussed 
in detail elsewhere in this book. Briefl y, some of the main functions include 
reduction in the risk of developing cardiovascular diseases because they lead to a 
reduction in blood cholesterol levels, decreased rate of carbohydrate absorption 
from the small intestine and hence regulation of postprandial blood glucose and 
insulin levels, fermentation in the large intestine producing benefi cial short- chain 
fatty acids (acetate, propionate and butyrate) and the promotion of a healthy 
balance of colonic microfl ora (Marlett  et al. , 2002; Tungland and Meyer, 2002; 
Brennan, 2005; Delzenne and Cani, 2005; King, 2005; Aleixandre and Miguel, 
2008; Slavin, 2008; Anderson  et al. , 2009; Chawla and Patil, 2010; Gunness and 
Gidley, 2010; Viuda-Martos  et al. , 2010). Hence, avenues to enhance dietary 
intake are attractive to both the consumer and, consequently, to the food processor. 

 Some dairy products may be viable carrier foods for fi bre enrichment. When 
fortifying foods with a nutrient or nutraceutical, the carrier food has to be a good 
‘fi t’, as perceived by the consumer (Shahidi, 2004). The incorporation of soluble 
fi bres into the aqueous phase of foods will generally enhance their viscosity. 
Many dairy products are thickened as a result of fermentation (e.g. yogurt, sour 
cream, cream cheese, etc.); others are thickened to provide textural characteristics 
(e.g. milkshake beverages, puddings, ice cream and other frozen dairy desserts). 
The addition of soluble fi bres to contribute to this already- present thickened 
texture thus could be a good fi t in these cases. Since dairy products are consumed 
widely, this may provide consumers with a convenient and enjoyable means to 
enhance their fi bre intake.  

   15.2  Dairy product categories and formulations 
 Milk beverages are generally low- fat milks (1–2%) to which have been added 
sweeteners, thickening agents and fl avours. They are generally not pre- aerated 
(foamed) but can be designed in such a way that shaking before consumption 
will develop suffi cient foaminess to enhance the textural perception. The milk 
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solids- not-fat is generally in the 11–12% range, and they can be formulated either 
with fresh milk fortifi ed with milk solids or with reconstituted milk powder. 
Sweeteners are generally added, depending in part on the fl avour that is used, to 
develop a sweetness equivalent to 4–6% sucrose. These products are usually 
thickened by the addition of polysaccharide gums, for example cellulose gum or 
guar gum at concentrations of 0.35–0.6%, and if foaming is a characteristic of the 
product then emulsifi ers such as mono- and di- glycerides may also be added. 
Examples of fl avours in these products could include vanilla, chocolate, banana, 
strawberry, and so on. 

 Dairy desserts, or puddings, have also been a common thickened dairy product 
in the market for many years. They are widely consumed by children and the 
elderly, two important target populations for fi bre enhancement in their diet. 
These puddings have formulations not unlike those for the beverages above, milk 
solids- not-fat contents of 12–15%, milk fat contents of 0–4% and sweetness 
equivalent to 8–12% sucrose, but they have a gelling agent rather than a thickening 
agent, often a modifi ed starch and/or  κ -carrageenan. This results in a visco- elastic, 
spoonable texture. They are usually fl avoured with a variety of suitable fl avours, 
including vanilla, banana, strawberry, chocolate, butterscotch, and so on. 

 Frozen dairy desserts, including ice cream and other similar products, have a 
wide range of formulations, including milk fat, milk solids- not-fat, sweeteners, 
stabilizers, emulsifi ers, water and fl avours. The primary role of the stabilizer is to 
add viscosity to the mix, which results in a more full- bodied texture but also 
inhibits lactose crystallization and helps to reduce rates of ice recrystallization. 
These products are all characterized by being frozen rapidly, mostly under shear 
or agitation (some stick novelties excepted), and then stored, distributed and 
consumed while in the frozen state. The high content of ice during consumption, 
coupled with the freeze- concentration of the proteins and the polysaccharide 
stabilizers in the unfrozen phase, give rise to a very thick texture during 
consumption. 

 Yogurts and yogurt beverages are very popular fermented dairy products. The 
milk base, typically 0–4% milk fat, 12% milk solids- not-fat, and perhaps added 
sweeteners, is heated to a high temperature to sterilize any native microfl ora and 
also to generate appropriate protein structure; then the milk base is cooled and 
inoculated with  Streptococcus thermophilus  and  Lactobacillus delbruckii  sbsp. 
 bulgaricus , and perhaps other probiotic cultures such as  Lactobacillus acidophilus, 
Bifi dobacterium  spp. or  Lactobacillus casei , and incubated to a suitable pH to 
develop a milk gel through the destabilization of the casein micelles and their 
interaction with denatured whey proteins. Incubation may be done in the package, 
perhaps with a fruit base pre- added to the bottom of the cup, or it may be done in 
an incubation tank. If the latter, then the gel is stirred and perhaps fruit is added 
before packaging. Yogurt drinks have lower milk solids- not-fat contents than 
yogurts, so the same extent of casein gel network is not developed. In addition, 
these beverages are typically homogenized to disrupt any fl ocs of aggregated 
proteins after fermentation. To stabilize this protein from precipitating, 
high- methoxyl pectin may be used due to the reduced pH environment. 
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 Sour cream is fermented from a milk base that includes 10–20% fat, or lower, 
and 8–10% milk solids- not-fat. Fermentation is carried out with  Lactococcus 
lactis  or other suitable culture to generate a protein gel network. Cream cheese is 
often associated with sour cream, but is actually produced in a way more similar 
to curd cheese manufacture and includes a draining step. 

 All these products are described briefl y as they are all thickened, either with 
additives, generally polysaccharide gums, or naturally through fermentation. 
Hence, all of these products may be appropriate candidates for fi bre enrichment, 
as the fi bre would have minimal impact on the characteristic texture. Further 
details of composition and manufacturing of these products can be found in dairy 
technology texts, for example Walstra  et al.  (2005).  

   15.3  Challenges of fi bre enrichment 
   15.3.1  Protein and polysaccharide incompatibility and phase separation 
 Most polysaccharides that are added to dairy products to modify texture are 
incompatible with milk proteins in solution; hence at typical concentrations used 
phase separation may occur, resulting in a change of functional behaviour of the 
proteins and polysaccharides, a visual separation of a clear serum (‘wheying off’) 
and a loss of desired quality in the product. In situations where the polysaccharide 
concentration is high, that is, in fi bre enrichment, this concentration will 
undoubtedly be above the separation threshold on a phase diagram (Doublier 
 et al. , 2000). Phase separation can be attributed to depletion fl occulation 
(Tolstoguzov, 1997). In casein polysaccharide mixed systems, depletion 
fl occulation results from the difference in chemical potential (osmotic pressure) 
between the solvent and the space between the casein micelles, from which the 
polysaccharide is excluded for steric reasons; consequently the casein micelles 
become enriched in concentration within discrete volumes. This induces the 
mixture to easily reach the thermodynamic incompatibility threshold, resulting in 
phase separation (Syrbe  et al. , 1998). A lower intrinsic viscosity or hydrodynamic 
molecular volume of polysaccharide leads to smaller occupied volumes, which 
contribute to less exclusion of polysaccharide in mixtures. Thus, depending on 
molecular conformation, the aggregation of milk proteins, especially casein 
micelles, and hence the kinetics of phase separation can be at varying rates 
(Dickinson and McClements, 1996; de Kruif and Tuinier, 2001). 

 To retard this phenomenon or prevent it from occurring,  κ -carrageenan can 
also be added to most polysaccharide blends for use with milk proteins. In phase- 
separating milk protein (casein micelle)–polysaccharide systems containing 
 κ -carrageenan, the protein and polysaccharide remain incompatible and will 
phase- separate at a microscopic scale into a water- in-water emulsion- like 
structure; however,  κ -carrageenan prevents this phase separation from manifesting 
itself into a macroscopic event in which two distinct phases become visible. Both 
 κ -carrageenan direct adsorption to the surface of the casein micelle and 
 κ -carrageenan helix aggregation are involved in establishing a loosely aggregated 
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network structure that inhibits diffusion and aggregation of phase- separated 
droplets (Spagnuolo  et al. , 2005).  

   15.3.2  Rheology and texture 
 Polysaccharides (e.g. guar, locust bean gum, sodium alginate, sodium 
carboxymethyl cellulose and xanthan) have been used extensively in dairy 
products for many years as thickeners and gelling agents. While these are all 
soluble fi bres, the concentrations at which they are used (typically 0.1–0.5%) 
mean that their contribution to daily fi bre intake is low. To elevate these 
concentrations for fi bre enrichment requires these rheological properties to be 
controlled. The parameter that relates molecular structure to solution viscosity is 
intrinsic viscosity, which is a measure of the volume occupancy of an individual 
molecule in solution (typically in dl/g). Generally, higher molecular weight 
polymers with little or no branching and stiff, elongated rather than coiled 
structures produce high intrinsic viscosity, which parlays into high solution 
viscosity and high pseudoplasticity (shear- thinning, in which viscosity decreases 
with increasing rates of shear in solution) (Cui, 2005). 

 High solution viscosity is easily detected orally as a thick, gummy texture. The 
shear rate of swallowing is often quoted as 50 s −1  (van Vliet, 2002), although Goff 
 et al.  (2008) found best correlations between perceived viscosity of a wide range 
of fi bre- containing dairy beverages from 12 trained panelists and apparent 
viscosity at 200 s −1 . Yanes  et al.  (2002) examined the effect of hydrocolloid 
addition (0.02 or 0.04%  κ -carrageenan; 0.2 or 0.5% sodium alginate) on fl ow 
behaviour and sensory properties of milk beverages to reduce milk fat content. 
Although these levels are too low to be considered as fi bre enrichment, it was 
interesting to note from their study that sensory viscosity correlated well with 
apparent viscosity at 10 s −1  for the low- viscous samples, whereas it correlated 
better with apparent viscosity at 300 s −1  for the high- viscous samples, indicating 
perhaps a different mouth behaviour for swallowing when the samples become 
too thick. 

 Polysaccharides that produce gels are capable of forming intermolecular 
bonding in long regular areas along the backbone, so-called ‘junction zones’, that 
are interrupted by irregularities, such that the aggregates form three- dimensional 
networks capable of trapping and holding the solution into viscoelastic solid 
structures (Cui, 2005). Hence, polysaccharides best suited for fi bre enrichment at 
high concentration would be those that have low intrinsic viscosity and are unable 
to form junction zones. These will be discussed in more detail below.  

   15.3.3  Bioavailability of other nutrients 
 A potential concern with fi bre- enriched dairy products is that the fi bre could reduce 
protein digestibility and hence reduce amino acid bioavailability. Mouécoucou 
 et al.  (2003) studied the effects of different levels of gum Arabic, low methoxyl 
pectin or xylan (0, 1, 10, 20, 30, 50%) on  in vitro  digestibility (pepsin, followed by 
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trypsin and chymotrypsin for 1 to 6 hours) of  β -lactoglobulin. The three plant 
gums signifi cantly inhibited  β -lactoglobulin digestibility as determined by amino 
acid diffusion through a 1000 Da molecular weight cutoff dialysis membrane, with 
xylan showing the greatest digestibility decrease. However, no differences were 
seen in any of the three gums when measured with an 8000 Da dialysis membrane. 
This suggested that peptides between 1000 and 8000 Da may interact with 
polysaccharides more than peptides with a greater molecular weight, and that the 
nature of the polysaccharide plays a role in this interaction. 

 The effect of dietary fi bre on mineral bioavailability has been studied 
extensively over many years. Fibre can have an adverse effect on the uptake of 
several minerals, including, for example, calcium, magnesium, iron and zinc, and 
this could be of signifi cant concern in dairy products, which are an important 
contributor of minerals, particularly calcium, to the diet. Most of the effects of 
mineral binding are due to the presence of phytate, although oxalates and tannins 
can also contribute. When isolated polysaccharides have been compared with 
wholegrain bran in several studies, mineral bioavailability was unaffected by the 
isolated polysaccharides but signifi cantly reduced, particularly iron and zinc, by 
the wholegrain fi bres, and this has been correlated signifi cantly with the phytate 
content (Harland, 1989). On the other hand, inulin and oligofructose have been 
shown to have a positive impact on calcium bioavailability by altering the pH of 
the colon to enhance its absorptive effi ciency (Chawla and Patil, 2010), and, given 
the signifi cance of calcium from dairy products in the diet, this would be a very 
positive contribution from inulin fortifi cation.   

   15.4  Potential dietary fi bre supplements for dairy products 
 In selecting fi bre sources for enrichment in dairy products, the fi rst consideration 
has to be the actual defi nition of fi bre, and this has not been easy to defi ne for 
regulatory bodies (Phillips and Cui, 2011). The Institute of Medicine in the United 
States defi ned fi bre in the Dietary Reference Intakes in 2005 as: ‘Dietary Fibre 
consists of nondigestible carbohydrates and lignin that are intrinsic and intact in 
plants. Functional Fibre consists of isolated, nondigestible carbohydrates that 
have benefi cial physiological effects in humans. Total Fibre is the sum of Dietary 
Fibre and Functional Fibre.’ In 2009, Codex agreed on the following defi nition: 
‘Dietary fi bre means carbohydrate polymers with ten or more monomeric units 
which are not hydrolysed by the endogenous enzymes in the small intestine of 
humans and belong to the following categories: edible carbohydrate polymers 
naturally occurring in the food as consumed; carbohydrate polymers, which have 
been obtained from food raw material by physiological, enzymic or chemical 
means and which have been shown to have a physiological effect of benefi t to 
health as demonstrated by generally accepted scientifi c evidence to competent 
authorities; synthetic carbohydrate polymers which have been shown to have a 
physiological effect of benefi t to health as demonstrated by generally accepted 
scientifi c evidence to competent authorities.’ They also include the following 
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footnote: ‘The decision on whether to include carbohydrates with monomeric 
units from 3 to 9 should be left to National Authorities.’ As a further comment, 
Codex defi nes the energy value of dietary fi bre as: ‘70 percent of the fi bre in 
traditional foods is assumed to be fermentable. Therefore, it is appropriate that the 
average energy value should be 8 kJ/g (2 kcal/g)’ (Phillips and Cui, 2011). The 
important message here for processors is to ensure that the fi bre source used has 
already been demonstrated through scientifi c means to exhibit a physiological 
benefi t in order to be claimed as a fi bre source. 

 In addition to benefi cial health properties (physiological functionality), the 
fi bre source must be easy to incorporate in formulations, providing little if any 
change in physical or textural properties (technological functionality) (Redgwell 
and Fischer, 2005). Often these two functionalities are competing, for example the 
high- viscous vs. low- viscous soluble fi bres, in which some evidence suggests that 
physiological viscosity (viscosity of digesta, including the soluble fi bre, in the 
small intestine) is correlated with reduction in glucose absorption rates and 
increased bile salt binding (Dikeman and Fahey, 2006), but, on the other hand, 
low- viscous fi bres would be easier to incorporate into foods at higher concentrations 
(hence higher content claims on nutrition labels). At present, there is not suffi cient 
information to be able to predict physiological functionality from molecular 
properties (size, conformation, structure), which makes it diffi cult to determine 
optimum fi bres to target (Raninen  et al. , 2011; Gemen  et al. , 2011). 

   15.4.1  Insoluble fi bre 
 Dairy products are aqueous- based systems, so there is less interest in fortifi cation 
with insoluble fi bres, such as cellulose or bran, compared with soluble fi bres. 
Insoluble fi bres would have to be pulverized to a suffi ciently small particle size 
that chalky or gritty mouthfeel was not evident (Fernandez-Garcia and McGregor, 
1997). Another example would be the resistant starches. These are starches that 
resist degradation and absorption in the small intestine, either due to their native 
conformation (bound or non- gelatinized) or as a result of extensive cross- linking 
through either retrogradation or chemical modifi cation. The latter is being 
manufactured as a food ingredient from high amylose corn starch and is available 
as an insoluble fi bre source, with claims of prebiotic potential and reduction in 
risk of colon cancer (Ares  et al. , 2009). It is naturally white, bland, less gritty and 
shows better fl avour in applications compared with other sources of insoluble 
fi bre. So, although there are some perceived health benefi ts of insoluble fi bres, 
particularly in colon transit times, faecal bulk and laxation, there seems to be 
much more interest at present in the soluble fi bres, which are more suited for dairy 
product application.  

   15.4.2  Soluble fi bre 
 There are numerous potential soluble fi bres that could be utilized for fi bre 
enrichment. Some of the gums for which there are published reports of their 
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utilization in dairy products include inulin, gum Arabic, pectins, soy soluble 
polysaccharide, fl axseed gum,  β -glucans from barley or oats, and polydextrose. 
There could be several others as well. Much information exists on the source, 
structure and functional properties of these gums, for example Phillips and 
Williams (2009). Hence the properties of only a few will be mentioned briefl y 
here, focusing particularly on the low- viscosity gums with demonstrated health 
benefi ts. However, to avoid the clinical testing required for novel fi bres to be 
declared as a fi bre source according to the regulations above, it may be more 
pragmatic for processors to use fi bres for which there has already been regulatory 
approval. 

 Inulin has perhaps received the most addition as a fi bre- source in dairy 
products, partly due to its well- known prebiotic effects of aiding the stability/
growth of probiotic bifi dobacteria in the colon, when consumed with the prebiotic 
(Granato  et al. , 2010). Native inulin from chicory has a degree of polymerization 
(DP) of ~9–12 with a span of up to DP 60, but it can be hydrolysed to make short 
chains or fractionated into short- chain and long- chain fractions. The short- chain 
oligofructose (fructooligosaccharide) is more soluble and sweeter than native 
inulin, although both native and short- chain inulin are very soluble and high 
concentrations in solution are possible. Long- chain inulin is more viscous in 
solution. The long- chain fraction is reported to have fat- replacing potential due to 
its capacity to form microcrystals that interact to form aggregates. These occlude 
water and create a colloidal particle that contributes creamy mouthfeel and texture. 
Inulin has been added to ice cream, yogurts, fresh cheese, beverages and dairy 
desserts (Villegas and Costell, 2007). 

 Gum Arabic is a natural exudate from the tree  Acacia senegal . It is a high 
molecular weight polysaccharide consisting of branched arabinogalactan 
heteropolymers with a covalently linked protein moiety (2%). It is highly coiled 
in solution, giving it a very low viscosity at very high concentration. It has been 
shown to be highly fermentable in the colon, with numerous potential health 
benefi ts (Phillips and Phillips, 2011). 

 Water- soluble soybean polysaccharide (SSPS) is extracted from bean curd 
residue (okara), which is the by- product of tofu, soymilk and soybean protein 
isolate. SSPS has been reported to provide health benefi ts to humans through 
lowering of blood cholesterol, improving laxation and reducing the risk of 
diabetes. SSPS is highly soluble in both cold and hot water, such that high 
concentrations in solution are easily obtainable. Structurally, SSPS has a 
galacturonic acid backbone, which is made up of rhamnogalacturonan and 
homogalacturonan. SSPS also contains homogeneous galactosyl and arabinosyl 
neutral sugar side chains, which are longer than the galacturonosyl main backbone. 
The high solubility and low viscosity of SSPS in water result from its irregularity 
of molecular structure, which prevents the formation of network interactions 
(Chen  et al. , 2010). 

 Polydextrose is also being marketed for soluble fi bre applications with 
demonstrated health benefi ts. It is a synthetic, low molecular weight (average 
DP ~12) but highly branched glucose polymer with many types of glycosidic 
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linkages created by heating dextrose with an acid catalyst and purifying the 
resulting water- soluble polymer. Polydextrose is used as a bulking agent because 
it is tasteless and is resistant to digestion. It is also highly soluble, exhibiting low 
viscosity at high concentration (Raninen  et al. , 2011). 

  β -Glucans from oat or barley are another potential fi bre supplement for dairy 
products with several demonstrated individual health properties.  β -Glucan is a 
linear, non- branched polysaccharide (1-3, 1-4 mixed link  β - D -glucopyranosyl 
units) that exhibits either thickening or gelling properties in solution depending 
on the molecular weight and solution conditions (Tudorica  et al. , 2004). Thus, 
while it is currently highly recognized in the market (as oat bran), its properties 
may restrict its use in dairy applications to low concentrations.   

   15.5  Potential product applications 
  Table 15.1  provides an overview of example applications of dietary fi bres into 
dairy products and the potential effects of these on the product, as found in the 
literature. Product categories include beverages, gelled products, frozen products 
and cheeses. Each of these will be discussed in detail below. 

   15.5.1  Beverages 
 Low- fat milk products in which the fi bre source provides enhanced creaminess to 
resemble full- fat milks or milkshake- type dairy beverages that are thickened by a 
high concentration of soluble fi bre could be appealing as a product category to 
consumers and hence a target product for development by processors. There are 
several existing products in the market already and several reports in the literature 
on the use of specifi c gums in such products. Villegas and Costell (2007) 
incorporated three types of inulin (DP 2–10, DP 9–12, DP >23) at 2, 4, 6, 8 or 10% 
into reconstituted whole or 2% fat milk beverages with 12% milk solids- not-fat, 
also with 0.02% or without  κ -carrageenan, and studied their rheological properties. 
The fl ow behaviour of the beverages without  κ -carrageenan remained Newtonian 
except for the long- chain oligomers at 8 or 10%, which were pseudoplastic. All 
beverages containing  κ -carrageenan were also pseudoplastic. The viscosity of 
whole milk could be approximated by skim milk with 4–10% short- chain inulin, 
6–8% DP 9–12 inulin or 4–6% long- chain inulin. Oliveira  et al.  (2009) examined 
the effect of inulin (1, 2 or 4%) as a prebiotic on the production of probiotic fi bre- 
enriched fermented milk. The acidifi cation rate during probiotic culturing 
increased and the fermentation time was reduced as a result of inulin addition, 
indicating that inulin stimulated probiotic culture growth during fermentation. 
Inulin addition also increased the fi rmness of the product. 

 Goff  et al.  (2008) studied the sensory and rheological properties of dairy 
beverages fortifi ed with two varieties of fl axseed gum as a soluble fi bre source. 
Dairy beverages contained 14% reconstituted skim milk powder, 6% sucrose and 
0.25%, 0.5%, 0.75% or 1.0% of fl axseed gum. Controls were prepared with no 
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gum, and with 0.25%, 0.5% or 0.75% of either guar or xanthan. Sensory evaluation 
was conducted by 12 trained panellists for 27 attributes using quantitative 
descriptive analysis. Signifi cant differences were seen in 15 of the 27 attributes. 
Increasing gum concentrations, regardless of type, led to increases in astringency, 
viscosity, mouthcoating and presence of particulates, and decreases in sweetness, 
nutty aroma and fl avour, and vanilla fl avour. Both fl axseed gum varieties at 0.75% 
showed less sensory viscosity than guar or xanthan at 0.5%, which were not 
signifi cantly different from each other. This suggested potential for fl axseed gum, 
as it could be used at elevated concentrations. 

 Lummela  et al.  (2009) studied the effects of a polydextrose- enriched (1.5%), 
fat- free, lactose- free milk drink on insulin and glucose levels. The insulin response 
was signifi cantly lower for the fi bre- enriched milk drink than it was for the skim 
milk control. The fi bre- containing milk beverage was very low in carbohydrate 
content, so no difference in glucose response was seen. There was also no effect 
of the fi bre on subjective satiety ratings compared with skim milk. 

 From an epidemiological perspective, people with diets that are either high in 
dairy calcium or higher in fi bre/lower in glycaemic index tend to be less obese 
than those with low dairy calcium and low fi bre/high glycaemic index diets. It is 
sometimes diffi cult to isolate effects from epidemiological data, since high fi bre/
low glycaemic index diets may be associated with enhanced fruit and vegetable or 
whole grain intake, in which other nutrients may play a role. In controlled studies, 
diets high in dairy calcium have also been shown to be benefi cial for weight loss 
during periods of calorie restriction. Thompson  et al.  (2005) combined high dairy 
and high fi bre/low glycaemic index diets, all of which provided a calorie defi cit of 
500 kcal/d, to study the effects of dairy and fi bre on weight loss in obese subjects 
compared with a normal diet. There was substantial fat and weight loss with all 
diets, but the high dairy diet or high dairy/high fi bre diets did not result in further 
weight loss compared with the control. They concluded that high dairy calcium 
diets and high fi bre diets are benefi cial in weight loss, but the lack of signifi cant 
differences resulted from treatment diets that may have been too high in calorie 
restriction.  

   15.5.2  Gelled products 
 The category of gelled dairy products includes both dairy- based puddings that 
typically utilize a polysaccharide gelling agent and fermented products such as 
yogurts that are gelled by fermentation. Both of these products have been used 
as carriers for fi bre enrichment in the market and reports of specifi c fi bres 
utilized in these types of products are also present in the literature. Tárrega and 
Costell (2006) incorporated 6% inulin (DP > 23) into fat- free dairy puddings 
containing 2.5, 3.25 or 4% starch and compared these with a full- fat control. 
Inulin addition increased both storage modulus and complex viscosity values 
and decreased tan  δ . Adding inulin to the fat- free desserts increased sweetness, 
vanilla fl avour, thickness and creaminess at the lower concentrations of starch, 
but at 4% starch the effect of inulin was overwhelmed. They concluded that 
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inulin addition to low- fat puddings would improve their texture, to the point of 
offering similar sensory characteristics to the full- fat pudding. Ares  et al.  (2009) 
utilized high- amylose resistant starch (RS) at 1, 2, 3, or 4% in milk puddings 
containing 9% reconstituted whole milk powder, 8% sugar, 4.2% waxy maize 
starch and 0.02%  κ -carrageenan. A maximum of 1.4% RS was considered 
optimum for sensory properties and consumer acceptability. Higher levels of RS 
degraded sensory attributes (decrease in creaminess, melting and sweetness, 
appearance of chalky textures). They reported from their survey of participants 
that consumers more interested in consuming functional foods enriched with 
fi bre were more tolerant of the sensory changes caused by the addition of RS to 
the milk puddings. 

 SSPS was incorporated by Chen  et al.  (2010) into thickened milkshake- style 
beverages and puddings, to the maximum amount without over- texturing the 
food. Rheological measurements and sensory tests were used to develop desirable 
SSPS-enriched products. From the rheological data, 4% SSPS-enriched dairy 
beverages and 4% SSPS-enriched puddings were in the range of commercial 
products. From sensory analyses, 4% SSPS-enriched dairy beverage with 0.015% 
 κ -carrageenan, 4% SSPS-enriched pudding with 0.1%  κ -carrageenan and 2% 
SSPS-enriched low- fat ice cream gained the highest scores in consumer hedonic 
rating. Panellists also indicated their willingness to consume those products if 
they were available commercially. 

 Au (2010) incorporated 1% SSPS and 1% fl axseed gum into dairy beverages 
and dairy- based puddings and studied the associations between soluble fi bre 
concentration, product viscosity, and the postprandial glycaemic and insulinaemic 
responses in 12 healthy males. The glycaemic responses for all the dairy- based 
study treatments were lower than for the glucose reference. The fi bre- enriched 
dairy- based study treatments were lower than those for the control products 
without fi bre, and the fl axseed gum treatments, which had higher viscosity, were 
lower than the SSPS treatments. No differences were observed between the fl uid 
and gelled dairy- based study treatments. From this study, it appeared that apparent 
viscosity of the product correlated more strongly with reduced glycaemic response 
than fi bre concentration. 

 Yogurts are naturally thickened through the effect of the acidifi cation on casein 
micelles, so they could be a very good carrier for dietary fi bres that may contribute 
to this thickness, or the natural thickness could mask their presence. There are 
numerous reports in the literature of the effect in yogurt of inulin (Aryana  et al. , 
2007; Brennan and Tudorica, 2008; Dello Staffolo  et al. , 2004), oat or barley bran 
or  β -glucan (Fernandez-Garcia  et al. , 1998; Gee  et al. , 2007; Brennan and 
Tudorica, 2008) and other novel sources of fi bres (Fernandez-Garcia and 
McGregor, 1997; Dello Staffolo  et al. , 2004; Hashim  et al. , 2009; Ramirez-
Santiago  et al. , 2010). All indicate a reasonable degree of success, with no negative 
effects on fermentation rate or syneresis. Texture will greatly affect sensory 
quality and consumer acceptability, so has to be controlled carefully. Yogurts 
bring the added complexity of an acidic environment, in which the fi bres must be 
stable, not leading to enhanced syneresis.  
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   15.5.3  Frozen dairy desserts 
 Frozen dairy desserts have also been targeted for fi bre enrichment, both in the 
marketplace and as a subject of research. Chen  et al.  (2010) incorporated 1–4% 
SSPS into a low- fat ice cream formulation and reported that 2% SSPS gained the 
highest scores in consumer hedonic rating. Dervisoglu and Yazici (2006) examined 
the incorporation of citrus fi bre at 0.4, 0.8 or 1.2% into ice cream of varying 
stabilizer levels. They concluded that citrus fi bre alone did not offer stabilizing 
properties (improvement in viscosity, overrun and sensory properties) but together 
with stabilizer enhanced several physical and sensory properties, and so could be 
utilized as a source of dietary fi bre enrichment. They reported the optimum 
concentration to be 0.8%. 

 Karaca  et al.  (2009) utilized native inulin at 4, 6 or 8% in a Maras- type ice 
cream (from Turkey) containing 8, 4, 2 or 1% milk fat, 9% milk solids- not-fat, 
22% sugar, 0.5% salep, 0.2% gelatin and 0.3% guar. They reported that inulin 
increased the viscosity and the pseudoplasticity of the mix and reduced the melting 
rate in the ice cream. The inulin did not, however, impart creaminess to the 
reduced- fat and low- fat ice creams. Akalm  et al.  (2008) also incorporated inulin 
at 4% into regular (10%), reduced- fat (6%) and low- fat (3%) ice cream mixes. 
They found that inulin increased hardness in comparison with regular ice cream, 
but the products made with inulin melted signifi cantly faster than the other 
samples. 

 Di Criscio  et al.  (2010) utilized native chicory inulin (DP 9) at 0, 2.5, 5 or 10% 
into a standard ice cream formulation that contained probiotic organisms 
 Lactobacillus casei  and  L. rhamnosus.  Cell counts of > 10 7  were preserved after 
frozen storage for up to 16 weeks at −20°C and were not affected by the presence 
of inulin. At 2.5% inulin, no adverse effects in sensory or physical properties were 
seen, although some degradation in properties (especially increased fi rmness) was 
apparent at higher concentrations. Thus, they recommended an incorporation 
level of 3% inulin to provide suffi cient quantity in an 80 g serving of ice cream to 
provide > 40% of the 5 g/day requirement of prebiotic to support a probiotic 
intake of 10 7 /day. 

 Soukoulis  et al.  (2009) examined the enrichment of ice cream at 6% milk fat 
with 2 or 4% of four fi bre sources: oat fi bre (93% insoluble), wheat fi bre (93% 
insoluble), apple fi bre (15% soluble) and long- chain inulin (90% soluble). The 
insoluble fi bres increased the viscosity and pseudoplasticity of the mix while the 
soluble fi bres reduced freezing point depression and increased the glass transition 
temperature of the mix, indicating potential cryoprotective action. Thus, they 
indicated that appropriate choice or blending of fi bre sources could optimize both 
nutritional and technical functionality.  

   15.5.4  Cheeses 
 Although enrichment of cheese with soluble fi bres is diffi cult due to the potential 
loss of fi bre with the whey, some reports of fi bre incorporation into cheese 
are available. Tudorica  et al.  (2004) incorporated barley  β -glucan at 0.5, 1.0, 1.5 
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or 2.0% into whole milk, 1% fat milk or skim milk and proceeded to make rennet 
curd with coagulation at 32°C. They reported that coagulation time of the milk 
was reduced, curd yield increased and viscoelastic properties of the curd (G’ and 
fi rmness) were reduced in the presence of increasing  β -glucan. Higher moisture 
content in the curd was associated with the weaker structures observed. They 
concluded that  β -glucan addition had positive effects in the lower- fat systems, 
thus providing an opportunity to utilize  β -glucan as a fat replacer in milk destined 
for cheese manufacture. At the same time, if this is feasible, the  β -glucan would 
also provide positive benefi cial effects as a source of dietary fi bre.   

   15.6  Future trends 
 There is no doubt that, from a nutrition and health perspective, people need to 
consume more fi bre. Dietary fi bre has, in general, been shown to provide numerous 
health benefi ts, and data from many countries suggest that people do not consume 
suffi cient quantity of fruits, vegetables, whole grains and legumes to achieve 
recommended daily intakes for these benefi ts to occur. Thus, enrichment of foods 
with fi bre provides enhanced choice for consumers and product development 
opportunities for manufacturers. It is clear both from the research literature and 
from already existing products in the market that dairy products can provide an 
excellent carrier food for fi bre enrichment. Consumers have shown a willingness 
to consume such products as an avenue for enhanced fi bre intake and health 
benefi ts. As public awareness of the food–health link, in general, and specifi cally 
fi bre- for-health grows, so should opportunities for more product development and 
market introductions, and the dairy industry can become a stakeholder in this 
market. 

 The dairy product that is targeted for fi bre enrichment has to be widely 
consumed across several demographic groups of consumers and at potentially 
signifi cant daily levels. It also has to be seen by the consumer as a good fi t for 
fi bre enrichment, so beverages, puddings and yogurts may be the most obvious, 
and frozen desserts, cheeses and other dairy products perhaps less so. Many of the 
technical challenges for dairy product development can be overcome, but the 
most signifi cant challenge to address is the fact that dairy products are aqueous- 
based systems with high water content, so the fi bre utilized needs to function 
appropriately in that environment, not leading to over- texturization of the product 
when incorporated at signifi cant concentration. This implies that low- viscous 
fi bres would be the most appropriate. Thus far, various dairy products have been 
successfully fortifi ed with inulin, gum Arabic, polydextrose and soluble soybean 
polysaccharides, while other gums also may have potential. However, the fi bre 
that is utilized must also show specifi c physiological functionality, and ideally 
across a range of health benefi ts in both the small and the large intestines. Not all 
fi bres contribute to all health benefi ts, so the fi bre that is utilized in product 
fortifi cation and the claims that are made for that product must be chosen carefully 
to achieve a balance of technological and physiological functionality.   
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  Abstract:  This chapter discusses different aspects of the use of dietary fi bre (DF) in the 
development of fi bre- enriched meat products. It begins by discussing the importance of 
healthier meat and meat products from the standpoint of the industry and of consumers, 
and possible strategies for their development. It then describes the technological 
properties of DFs of interest for meat processing and identifi es potential health benefi ts. 
Finally, it reviews the use of DF and fi bre- rich ingredients in the formulation of different 
types (fresh, cooked and fermented) of meat products.  

   Key words:    healthier meat product strategies, technological properties of fi bre in meat 
processing, fi bre- enriched fresh, cooked and fermented meat products.   

    16.1  Introduction 
 Dietary fi bre (DF) is defi ned as the remnants of the edible part of the plant and 
analogous carbohydrates that are resistant to digestion and absorption in the 
human small intestine with complete or partial fermentation in the human large 
intestine (Prosky, 1999). DF as a class of compounds includes a mixture of plant 
carbohydrate polymers, both oligosaccharides and polysaccharides, for example 
cellulose, hemicelluloses, pectic substances, gums, resistant starch and inulin, 
which may be associated with lignin and other non- carbohydrate components 
(e.g. polyphenols, waxes, saponins, cutin, phytates and resistant protein) (Elleuch 
 et al. , 2011). For several decades, interest in the role of DFs in health and nutrition 
has prompted a wide range of research and received considerable public attention. 
Various studies have shown that a fi bre- rich diet has a number of benefi cial effects: 
it reduces the risk of coronary heart disease, diabetes, obesity and some forms of 
cancer, and also helps regulate constipation (WHO, 2003; Verma and Banerjee, 
2010). Additionally, DF possesses technological properties that are useful for 
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food processing, and since it can be recovered (from industrial processing residue) 
its use in value- added products provides a means of upgrading co- products. 

 Because of the numerous health benefi ts that they offer, interest in fi bre- rich 
products has grown in recent years. This is especially important since the 
recommended total DF intake is more than 25 g/day (WHO, 2003), whereas 
current intake levels are lower in more developed societies. There has been a 
considerable upsurge in the development of fi bre- enriched foods in recent years in 
an effort to palliate this defi cit, which is especially important in the case of meat 
products in view of their specifi c characteristics. 

 Meat and meat products are an important group of nutritionally dense foods 
consumed by broad sectors of the population around the world. Consumption levels, 
although varying from country to country, are generally high; for example, meat 
intake ranges from 47 to 106 g/day in women and from 79 to 170 g/day in men in 
European countries, while in the USA the fi gures are 168 and 260 g/day, respectively 
(Wyness  et al. , 2011). The meat industry is extremely important for the economies 
of many countries. Meat also accounts for a considerable portion of consumer 
spending on food; in the case of the European Union, for example, it is more than 
22%. Meat and meat products are important sources of a wide range of nutrients 
(proteins, lipids, vitamins, minerals, etc.), and make up considerable proportions of 
the dietary intakes of various nutrients that are essential for growth and development. 

 However, in recent years recommendations for a reduction in meat consumption 
have been made. The role of meat in health is being reconsidered by nutritionists 
as well as consumers. Among the factors that help to explain this erosion are the 
following: a) associations between some meat constituents (e.g. fat, saturated fatty 
acids, cholesterol, sodium, etc.) and the risk of major chronic diseases in our 
society (e.g. ischaemic heart disease, cancer, hypertension and obesity); b) frequent 
meat safety crises (e.g. bovine spongiform encephalitis or avian fl u); c) growing 
concern about ethical aspects of meat production practices (animal welfare); and 
d) concern about the impacts of animal production on the environment (due to 
their large contribution to greenhouse gas emissions) (Jiménez-Colmenero  et al. , 
2012). However, it would appear that reducing meat consumption poses serious 
nutritional challenges for some key nutrients (Millward and Garnett, 2010). 

 Changes in consumer demand and growing market competition have prompted 
a need to improve the quality and image of meat, not only to prevent the loss of 
market share attendant on a negative perception of meats, but also to achieve a 
much- needed diversifi cation in the activity of the sector, through the development 
of products with health- benefi cial properties (Jiménez-Colmenero  et al. , 2012). 
Fibre- enriched meat products (as potential meat- based functional foods) are seen 
as an opportunity to improve ‘meat image’ as well as to update the recommendations 
related to DF goals. Given that these are frequently consumed foods, such goals 
could be achieved without any great changes in consumer habits. 

 This chapter describes different aspects of the use of DF as an ingredient for 
the development of healthier (fi bre- enriched) meat products and highlights the 
health benefi ts of the fi bres. It also looks at the use of DF in the formulation of 
fresh, cooked and fermented meat products and technological aspects relating to 
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the type and proportion of fi bre used, the purpose of its addition and the 
consequences for product characteristics.  

   16.2   Strategies for the development of 
healthier meat products 

 In order to develop healthier foods, different strategies can be used that increase the 
presence of benefi cial compounds and limit those with negative health implications 
in meat and meat products. These strategies may basically affect animal production 
(genetic and nutritional) and meat transformation systems (reformulation process); 
however, aspects relating to meat processing, storage and consumption conditions 
can also affect product composition and hence the contents in terms of healthy/
unhealthy compounds. Through the changes effected in the ingredients (raw meat 
material and non- meat ingredients) used in the making of meat products, the 
reformulation process offers an excellent opportunity to remove, reduce, increase, 
add and/or replace different components, including those with health implications 
(Jiménez-Colmenero  et al. , 2001; Arhiara, 2006). In this respect, many non- meat 
ingredients (from animal and vegetal sources of terrestrial or marine origin) have 
been used in the preparation of healthier meat products. DF or fi bre- rich materials 
constitute a very important sector of these ( Fig. 16.1 ). The use of DFs for their 
technological properties and health benefi ts opens up interesting possibilities in 
functional meat product development (Jiménez-Colmenero, 2007; Jimenez-
Colmenero  et al. , 2001; Verma and Banerjee, 2010). 

 Fat reduction has generally been seen as an important strategy to produce 
healthier products. This aspect is especially relevant to the meat industry, since 
some meat products contain high proportions of fat, and fat from meats has often 
been assumed to be a risk factor in consumer health (Ferguson, 2010; Williamson 
 et al. , 2005; McAfee  et al. , 2010). In industrialized countries, approximately 
36–40% of the total calories in the food supply come from fat, nearly half of 
which is from meat intake (Byers  et al. , 1993; Sheard  et al. , 1998).This is more 

   Fig. 16.1     Strategies for development of healthier meat products.     
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than recommended, and DF plays an important role in attempts to produce lower- 
fat foods.  

   16.3  Fibre as an ingredient in meat product formulation 
 DF and fi bre- rich ingredients from cereals (oats, rice, wheat, etc.), fruits (apple, 
lemon, orange, etc.), legumes (soy, peas, etc.), roots (carrot, sugar beet, konjac, 
etc.), tubers (potato) and seaweeds (red and brown algae) have been used as 
additives/ingredients in the manufacture of meat products essentially for 
technological purposes. More recently, however, there has been renewed interest 
in their use in health- related applications, also encouraging the use of new DF 
sources. In the following are some brief considerations regarding technological 
and health properties. 

   16.3.1  Technological properties of fi bre for meat processing 
 DFs have been incorporated into meat products as non- caloric bulking agents, 
as enhancers of water and oil retention, to help modify texture, to improve 
emulsion or oxidative stability or to help overcome the effects produced by 
composition changes, for example the fat reduction process, on the characteristics 
of meat products. 

 The hydration properties of DFs are related to the chemical structure of the 
component polysaccharides and to other factors such as porosity, particle size, 
ionic form, pH, temperature, ionic strength, type of ions in solution and stresses 
upon fi bres (Elleuch  et al. , 2011). Depending on type and conditions of use, fi bres 
can bind considerable amounts of water; for example, konjac can bind more than 
100 times its weight (Tye, 1991). As well as their hydration properties, fi bres 
possess the capacity to hold oil. The ability of fi bres to bind water and fat has been 
used in the manufacture of processed meat products. These properties contribute 
not only to fi nal cook yield and purge or drip loss in chilling storage, freezing and 
thawing, but also to the fi nal quality of the product (appearance, texture, colour, 
juiciness, fl avour, etc.). DF constituents have been used by the meat industry for 
their gelling properties. Many soluble fi bres form gels, for instance carrageenans, 
pectins, konjac, and so on. The capacity to form a gel and the characteristics of 
that gel will depend on a number of factors, including concentration, temperature, 
presence of certain ions and pH. 

 Because of their ability to form highly viscous solutions, fi bres have been used 
as thickeners in meat systems; in this respect, the substances most widely used as 
thickeners are plant- derived gums. Fibres can help to modify textural properties 
in meat processing, including restructured meats. Thermo- irreversible gels, which 
form in the presence of calcium ions, are used to bind comminuted or diced meat 
pieces (cold- set binders) and make restructured meat products. Some fi bre 
components possess antioxidant properties, which can be exploited as potential 
novel antioxidants and as such may be used as ingredients to improve the oxidative 
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stability and prolong the shelf life of meat products. Because of their technological 
properties, fi bres have also been added to meat products to reduce caloric content 
by fat substitution (Keeton, 1994; Jiménez-Colmenero  et al. , 2001; Elleuch  et al. , 
2011). Fat reduction in meat products is usually based on two main criteria: the 
use of leaner meat raw materials and the reduction of fat density (dilution) by 
adding water (at higher levels than traditional products) and other ingredients 
with little or no caloric content. These ingredients, among them DF, are added to 
modulate the product’s water- binding capacity, texture and sensory properties.  

   16.3.2  Healthy properties of fi bre for meat- based functional foods 
 DFs may be considered functional ingredients since they also provide various 
potential benefi cial physiological effects. DF has been associated with various 
health benefi ts, including maintenance of gut health (by facilitating excretion), 
prevention of carcinogenesis, reduced risk of coronary heart disease 
(hypocholesterolaemic effects), prevention of diabetes type 2 (ability of the fi bre 
to reduce the glycaemic response) and reduction of obesity (by imparting a 
sensation of satiety). For more information on DF and health benefi ts in the 
context of muscle food applications, see Borderías  et al.  (2005) and Verma and 
Barnerjee (2010). Chapter 3 of this book deals with these aspects in detail.   

   16.4  Dietary fi bre in meat products 
 While the possibilities of using DF or fi bre- rich ingredients (e.g. type and amount) 
in meat processing depend on factors associated with the nature of the DF 
(technological and sensory properties), these are very much dependent on the 
meat product concerned. It is aspects relating to composition (fat, moisture and 
protein content), appearance or processing conditions (degree of structural 
disintegration or subjection to cooking, fermentation, smoking, etc.) that determine 
the technological and sensory viability of reformulated products. In view of this, 
the following subsections examine the use of DF separately for fresh, cooked and 
fermented meat products, with particular stress on technological and sensory 
effects on meat products. 

   16.4.1  Fibre- enriched fresh meat products 
 Several types of DF have been used in fresh meat products, in principle for fat 
reduction, but in some cases also for purposes of nutritional improvement 
( Table 16.1 ). Carrageenans (mostly  ι  and  κ ) have been widely used as fat replacers 
because of their ability to retain moisture. Ground beef, sausages, pork nuggets 
and mutton kofta are some examples of carrageenan- added low- fat fresh meat 
products (Egbert  et al. , 1991; Bullock  et al. , 1995; Solheim and Ellekjaer, 1993; 
Modi  et al. , 2009a; 2009b; Berry, 1994). These studies confi rmed the excellent 
water- binding characteristics of carrageenans (especially  ι -carrageenan), and their 
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    Table 16.1     Fresh meat products enriched with different DFs and fi bre- rich 
materials  

 Product  Ingredients  Added as  Fibre content 
(g/100g) 

 Source 

 Ground beef  Carrageenan  Fat replacer  na c   Egbert  et al. , 
1991 

 Ground beef 
and pork 
sausages 

 Oat bran  Fat replacer  na c   Pszczola, 1991 

 Ground beef 
patties 

 Sugar beet, oat, 
pea fi bre, 
Polydextrose® 

 Fat replacer  3.5–6.0 d   Troutt  et al. , 
1992 

 Beef sloppy- 
joes 

 Wheat and 
barley bran 

 Fat replacer, 
functional 
ingredient 

 5.0–10.0 d   Vosen  et al. , 
1993 

 Breakfast 
sausages 

 CMC a , MCC b   Fat replacer  na c   Mittal and 
Barbut, 1993 

 Sausages  Carrageenan, 
guar and 
xanthan gum 

 Fat replacer  0.3–0.7 d   Solheim and 
Ellekjaer, 1993 

 Pork nuggets  Carrageenan  Fat replacer  0.5 d   Berry, 1994 
 Pork sausage  Konjac fl our  Fat replacer  10–20 d   Osburn and 

Keeton, 1994 
 Ground beef 
patties 

  ι , κ -carrageenans  Fat replacer  na c   Bullock  et al. , 
1995 

 Ground beef 
patties 

 Xanthan, locust 
bean gum 

 Fat replacer  na c   Bullock  et al. , 
1995 

 Ground beef 
patties 

 Pea fl our  Fat replacer  na c   Bullock  et al. , 
1995 

 Beefburger  Apple fi bre  Fat replacer  1.2 e   Carballo  et al. , 
1996 

 Beefburger  Wheat bran, red 
and white 
beeswing 
hydrated 

 Fat replacer, 
functional 
ingredient 

 5.0–15.0 d   Mansour and 
Khalil, 1997 

 Beefburger  Oat fi bre  Fat replacer  0.4–2.0 d   Desmond  et al. , 
1998a; 1998b 

 Beefburger  Carrageenan, 
locust bean gum 

 Fat replacer  na c   Desmond  et al ., 
1998a 

 Beefburger  Maltodextrin, 
vegetable fi bre 

 Fat replacer  na c   Desmond  et al ., 
1998a 

 Beefburger  MCC b , 
maltodextrin, 
xanthan gum 

 Fat replacer  na c   Desmond  et al ., 
1998a 

 Beefburger  Pectin  Fat replacer  na c   Desmond  et al ., 
1998a 

 Beef patties  Inner pea fi bre  Fat replacer  1.6 d   Anderson and 
Berry, 2000 

 Ground beef  Inner pea fi bre  Fat retainer  9.9–17.4  Anderson and 
Berry, 2001 
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 Meatballs  Oat bran  Fat replacer, 
functional 
ingredient 

 5.0–20.0 d   Yilmaz and 
Daglioglu, 
2003 

 Pork patties  Barley fl our  Fat replacer  4.0–10.0 d   Kumar and 
Sharma, 2004 

 Meatballs  Rye bran  Fat replacer, 
functional 
ingredient 

 5.0–20.0 d   Yilmaz, 2004 

 Meatballs  Wheat bran  Fat replacer, 
functional 
ingredient 

 5.0–20.0 d   Yilmaz, 2005 

 Beefburger  Hazelnut 
pellicle 

 Fat replacer, 
functional 
ingredient 

 0.6–3.0 e   Turhan  et al ., 
2005 

 Beef patties  Oat fl our  Fat replacer  2.0–4.0 d   Serdaroglu, 
2006 

 Re- structured 
beef steak 

 Walnut  Functional 
ingredient 

 10.0–20.0 d   Serrano  et al. , 
2006 

 Beef patties  Oats soluble 
fi bre ( β -glucan) 

 Fat replacer, 
functional 
ingredient 

 1.4 e   Piñero  et al. , 
2008 

 Beef patties  Flaxseed fl our  Functional 
ingredient 

 0.8–4.2 e   Elif Bilek and 
Turhan, 2009 

 Chicken 
hamburgers 

 Grape DF  Functional 
ingredient, 
antioxidant 

 0.4–1.6  Sáyago-Ayerdi 
 et al ., 2009 

 Mutton kofta  Carrageenan, 
oat fl our 

 Fat replacer, 
functional 
ingredient 

 0.5 e  and 8.0 d   Modi  et al ., 
2009a; 2009b 

 Meatballs  Inulin  Functional 
ingredient 

 5.0–20.0 d   Yilmaz and 
Geçgel, 2009 

 Meatballs  DF from olive 
mill wastewater 

 Fat replacer, 
functional 
ingredient 

 0.4–0.6  Galanakis 
 et al ., 2010 

 Meatballs  Potato fl our  Fat replacer, 
functional 
ingredient 

 0.4  Galanakis 
 et al ., 2010 

 Meatballs  Carrot  Fat replacer, 
functional 
ingredient 

 0.5  Galanakis 
 et al ., 2010 

 Beef patties  Wakame  Functional 
ingredient 

 3.0 d   López-López 
 et al. , 2010 

 Beef patties  Inulin and 
insoluble fi bre 
(Jelucell®) 

 Functional 
ingredient 

 4.0–5.3  Martínez  et al. , 
2011 

 Chicken patties  Oyster 
mushroom 

 Functional 
ingredient, meat 
replacer 

 3.4–4.9  Wan-Rosli 
 et al. , 2011 

 Beefburger  Cashew apple  Functional 
ingredient, meat 
replacer 

 0–7.7  Xerez-Pinho 
 et al. , 2011 

   Notes:  a Carboxymethyl cellulose,  b microcrystalline cellulose,  c data not available,  d  % of added 
ingredient,  e estimated from the composition data.     
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fi nal low- fat products exhibited acceptable sensory and textural characteristics. 
Oat bran (with seasonings and fl avourings) has been used to produce low- fat 
ground beef and pork sausage with the texture, fl avour and juiciness of full- fat 
meat products (Pszczola, 1991). Texture characteristics of low- fat ground beef 
patties have been improved with a blend of fi bres (sugar beet, oat and pea), starch 
and polydextrose, although juiciness was reduced most by added ingredients 
(Troutt  et al. , 1992). The use of different blends of carrageenan, fi bres and 
modifi ed starches provided tenderness to low- fat ground beef patties (Bullock 
 et al. , 1995). Desmond  et al.  (1998a) studied 17 different blends (containing 
widely available fi bre sources) used in the manufacture of low- fat beefburgers, 
reporting that low- fat beef burgers containing oat fi bre, modifi ed starch and 
maltodextrin with vegetable fi bre had improved palatability. 

 Vosen  et al.  (1993) reported on the use of fi bre as a functional ingredient and a 
fat replacer in low- fat beef sloppy- joes. According to the authors, organoleptic 
characteristics were depleted by fat reduction and the incorporation of fi bre (wheat 
and barley bran). Mansour and Khalil (1997) developed low- fat beefburgers 
with lower cholesterol and caloric content but similar sensory properties to 
control burgers. In that study, addition of white and red beeswings produced 
better texture and overall results than wheat bran. Addition of wheat bran has been 
found to produce a deterioration of sensory properties in low- fat meatballs 
(Yilmaz, 2005), but acceptable sensory properties have been achieved with 
the incorporation of rye bran and oat bran (Yilmaz, 2004; Yilmaz and Daglioglu, 
2003). 

 Chemically modifi ed celluloses have also been used in fresh meat products. 
Addition of carboxymethyl cellulose (CMC) and microcrystalline cellulose 
(MCC) as fat replacers in low- fat breakfast sausages reduced lightness and 
tenderness and improved moisture retention (especially MCC) (Mittal and Barbut, 
1993). A combination of different fi bres including MCC produced good sensory 
results in low- fat beefburgers, but good sensory quality was not achieved by 
addition of MCC alone (Desmond  et al. , 1998a). 

 Inner pea fi bre has been used in low- fat beef patties to improve tenderness and 
cooking yield, without negative effects on juiciness and fl avour (Anderson and 
Berry, 2000). In a further study, Anderson and Berry (2001) reported that the 
addition of at least 10% inner pea fi bre to high- fat ground beef increased fat 
retention and cooking yield when endpoint temperature reached 85–95°C. Water- 
and fat- binding properties of low- and high- fat beefburgers were enhanced by the 
addition of apple fi bre (Carballo  et al. , 1996). Turhan  et al.  (2005) obtained darker 
(reduced yellowness and redness) low- fat beefburgers by adding hazelnut pellicle 
as a DF. According to the authors, addition of 1–2% hazelnut pellicle can be 
recommended as a DF source in low- fat beefburger production. Oat soluble fi bre 
( β -glucan) has been added to low- fat beef patties to achieve a sensorially satisfying 
product with increased cooking yield and fat and moisture retention (Piñero  et al. , 
2008). Several types of fl our have been used as fi bre sources to improve the 
cooking yield of fresh meat products. Barley fl our used as a fat substitute in low- 
fat pork patties produced improved cooking yield but some loss of fl avour and 
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texture (Kumar and Sharma, 2004); however, overall acceptability and quality 
during storage were good when 4% was added. Moisture and fat retention in beef 
patties have been improved with the addition of oat fl our (Serdaroglu, 2006). 
Flaxseed fl our have been used as a functional ingredient in beef patties, enhancing 
their nutritional status with minimal composition and sensory changes (Elif Bilek 
and Turhan, 2009). Konjac has been used to develop acceptable low- fat prerigor 
fresh pork sausages with equal or improved cooking yield (Osburn and Keeton, 
1994). 

 The development of new sources of DF has opened up new prospects in the 
fi eld of fi bre- enriched fresh meat products. Inulin (a long- chain 
fructooligosaccharide – FOS) has been used as a functional ingredient in meatballs 
and beef patties; the meatballs were lighter and yellower and sensory properties 
were not affected by 5% inulin (Yilmaz and Geçgel, 2009). n-3 Polyunsaturated 
fatty acids and fi bre- enriched (inulin and insoluble fi bre) beef patties were 
successfully developed by Martínez  et al.  (2011). Sayago-Ayerdi  et al.  (2009) 
added a grape antioxidant DF, obtained from red grape pomace, to chicken 
burgers, thus incorporating not only the health- benefi cial properties of the fi bre 
but its antioxidant potential and so increasing the stability and shelf life of the 
food. Galanakis  et al.  (2010) used a DF source recovered from olive mill 
wastewater as a potential fat replacer in meatballs; when combined with carrot (to 
supply insoluble fi bres), this improved water retention and oil uptake. Powdered 
cashew apple waste was used in the production of low- fat hamburgers as a partial 
substitute for the beef and a source of fi bre (Xerez Pinho  et al. , 2011). Also, grey 
oyster mushrooms have been used as meat substitutes and fi bre sources in chicken 
patties (Wan Rosli  et al. , 2011). Fibre- rich ingredients such as walnut or seaweeds 
have also been used to produce fi bre- enriched fresh meat products. The addition 
of both ingredients not only enhanced the technological properties of the meat 
system but also augmented the presence of DF; for example, the addition of 20% 
walnut furnished around 1% of DF in restructured beef steak (Jiménez-Colmenero 
 et al. , 2010b), while the DF content in low- fat beef patties containing 3% Wakame 
was around 1.6% (López-López  et al. , 2009).  

   16.4.2  Fibre- enriched cooked meat products 
 Different types of DF materials have been used in the formulation of cooked meat 
products to improve their nutritional and health quality ( Table 16.2 ); as in the case 
of fresh meat products, these ingredients were used in principle mainly as fat 
replacers, but more recently attention has focused on their role as sources of 
bioactive compounds. Foegeding and Ramsey (1986) evaluated the addition of 
various gums to low- fat frankfurters and found that all low- fat treatments were 
similar and comparable to a full- fat control when evaluated by a sensory panel. 
Low- fat, high added water bologna sausages have been formulated with oat fi bre 
and pea fi bre; although they exhibited different physicochemical and sensory 
characteristics, the DF had benefi cial effects on properties of the reformulated 
products (Claus and Hunt, 1991). Fat content of chicken frankfurters has been 
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    Table 16.2     Cooked meat products enriched with different DFs and fi bre- rich 
materials  

 Products  Ingredient  Added as  Fibre content 
(g/100g) 

 Source 

 Bologna 
sausages 

 Oat and pea fi bre  Fat replacer  3.5 b   Claus and Hunt, 
1991 

 Pork nuggets   ι -carrageenan  Fat replacer  0.5 b   Berry, 1994 
 Frankfurters  Oat bran  Fat replacer, 

functional 
ingredient 

 2.0–6.0 b   Chang and 
Carpenter, 1997 

 Frankfurters  Oat fi bre  Fat replacer  2.0 b   Hughes  et al ., 
1997; Cofrades 
 et al ., 2000 

 Frankfurters   λ ,  κ -carrageenan  Fat replacer  1.0 b   Hughes  et al ., 
1997; Cofrades 
 et al ., 2000 

 Bologna 
sausages 

 Konjac fl our  Fat replacer  0.5–1.0  Chin  et al. , 
1998a, b; 1999; 
2000 

 Frankfurters  Peach DF  Fat replacer  0.9–7.0 b   Grigelmo-
Miguel  et al ., 
1999 

 Low- fat pork 
bologna 

 Waxy hull- less 
barley 

 Fat replacer  4.0 b   Shand, 2000 

 Low- fat pork 
bologna 

  κ -carrageenan  Fat replacer  0.3 b   Shand, 2000 

 Re- structured 
beef roast 

 Rice fi bre  Functional 
ingredient 

 3.0 b   Kim  et al ., 2000 

 Fat- free 
frankfurters 

 Oat fi bre  Fat replacer, 
functional 
ingredient 

 1.0–3.0 b   Steenblock  et al ., 
2001 

 Light bologna  Oat fi bre  Fat replacer, 
functional 
ingredient 

 1.0–3.0 b   Steenblock  et al ., 
2001 

 Bologna 
sausages 

 Citrus fi bre  Functional 
ingredient 

 0.0–0.2    Fernández-Ginés 
 et al ., 2003 

 Bologna 
sausages 

 Lemon albedo  Functional 
ingredient 

 0.2–2.0    Fernández-Ginés 
 et al ., 2004 

 Frankfurters  Sugar beet fi bre  Functional 
ingredient 

 1.0 b   Vural  et al ., 2004 

 Cooked sausage  FOS a   Functional 
ingredient 

 2.0–12.0  Cáceres  et al ., 
2004 

 Low- fat 
frankfurters 

 Locust bean, 
xanthan gum 

 Fat replacer  0.5–0.6 b   Lurueña-
Martínez  et al ., 
2004 

 Turkish- type 
salami 

 Sugar beet fi bre  Functional 
ingredient 

 2.0 b   Javidipour  et al ., 
2005 

 Cooked meat 
sausages 

 Inulin  Functional 
ingredient 

 2.5–7.5 b   Selgas  et al ., 
2005; García 
 et al ., 2006 

 Cooked meat 
sausages 

 Apple, orange, 
peach fi bres 

 Functional 
ingredient 

 1.5–3.0 b   García  et al ., 
2007 
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 Low- fat 
bologna 

 Pea fi bre-rich 
fraction 

 Functional 
ingredient 

 4.0 b   Pietrasik and 
Janz, 2010 

 Frankfurters  Seaweed (sea 
spaghetti) 

 Functional 
ingredient 

 2.5 b   López-López 
 et al.,  2009 

 Meat emulsion  Rice bran fi bre  Fat replacer, 
functional 
ingredient 

 1.1 c   Choi  et al ., 2009 

 Pork meat 
system 

 Carob fruit  Antioxidant, 
functional 
ingredient 

 1.3 c   Bastida  et al. , 
2009 

 Frankfurters  Walnut  Functional 
ingredient 

 1.0 b   Jiménez-
Colmenero  et al. , 
2010a 

 Frankfurters  Konjac gel  Fat replacer  10.5–19.3 b   Jiménez-
Colmenero  et al. , 
2010b 

 Bologna 
sausages 

 Orange DF  Antioxidant, 
antimicrobial, 
functional 
ingredient 

 1.0 b   Viuda-Martos 
 et al ., 2010 

 Chicken 
nuggets 

 Apple pulp  Functional 
ingredient 

 1.8–2.5 c   Verma  et al ., 
2010 

   Chickpea hull 
fl our 

 Functional 
ingredient 

 5–10 b   Verma  et al. , 
2012 

 Pâté  Konjac gel  Fat replacer, 
functional 
ingredient 

 7.0–15.0 b   Delgado-Pando 
 et al.,  2011 

 Frankfurters  Rice bran  Functional 
ingredient 

 2.5 b   Álvarez  et al. , 
2011 

   Walnut  Functional 
ingredient 

 2.5 b   Álvarez  et al. , 
2011 

   Notes:  a Fructooligosaccharides;  b  % of added ingredient;  c estimated from the composition data; DF, 
dietary fi bre.     

reduced using oat bran (and added water); the authors found that the products 
formulated with higher proportions of oat bran (6%) were rated less juicy and 
more grainy by tasting panellists (Chang and Carpenter, 1997). Addition of 
carrageenan and oat fi bre can partially offset some of the changes that occur in 
low- fat frankfurters when added water replaces fat and the protein level remains 
constant (Cofrades  et al. , 2000; Hughes  et al. , 1997). 

 The ability of oat fi bre to increase moisture retention and modify textural 
characteristics has been used to produce light bologna and fat- free frankfurters 
(Steenblock  et al. , 2001). Similarly, the incorporation of rice bran fi bre (along 
with vegetable oils) helps to reduce animal fat in frankfurters (Álvarez  et al. , 
2011) and low- fat meat emulsion systems (Choi  et al. , 2009). Konjac fl our has 
been used as a fat replacer in low- fat bologna, producing similar textural 
characteristics to control full- fat bologna (Chin  et al. , 1998a, b; 1999; 2000). 
Konjac gel has been added to potentially functional cooked meat products such 
as frankfurters (with olive oil and seaweed) and pâtés (with a healthier oil 
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combination) as a fat replacer (Jiménez-Colmenero  et al. , 2010a; Delgado-Pando 
 et al. , 2011). 

 Wheat fl our and apple fi bre have been used to induce changes in the process of 
gelation in two low- fat meat emulsion systems (Fernández  et al. , 1996). Verma 
 et al.  (2010; 2012) reported the use of apple pulp and chickpea hull fl our in the 
formulation of low- salt, low- fat and high- fi bre chicken nuggets (meat emulsion). 
Addition of peach DF and water to low- fat high DF meat frankfurters has been 
reported to help retain the sensory properties of traditional products. However, 
drastic reductions of fat content (to below 10%) reduced the sensory quality of the 
products (Grigelmo-Miguel  et al. , 1999). Citrus fi bres (lemon albedo and orange 
fi bre powder) have been added at different concentrations to cooked sausages; 
bologna sausage with added citrus fi bres exhibited improved fi bre content, reduced 
residual nitrite and delayed lipid oxidation, with generally satisfactory quality 
scores (Fernández-Ginés  et al. , 2003; Fernández-López  et al. , 2004; Viuda-Martos 
 et al. , 2010). Oxidative stability and nutritional properties of precooked restructured 
beef roast can be improved by the addition of rice fi bre (Kim  et al. , 2000); these 
authors reported that this beef product can be considered a functional food in that 
it incorporates several components containing health- promoting ingredients. 

 García  et al.  (2007) reported the combined effect of fat reduction and fruit fi bre 
addition (peach, apple, orange) on the sensory characteristics of bologna- type 
sausage. According to these authors, it is possible to manufacture cooked sausages 
(30% less energy value) containing fruit DF without sacrifi cing their sensory 
quality, and some of them may be considered functional foods, since they are 
hypocaloric and enriched in DF. The infl uence of pea fi bre- rich fraction on 
technological and sensory characteristics of low- fat bologna sausage has been 
reported by Pietrasik and Janz (2010). 

 The effect of addition of waxy hull- less barley (containing  β -glucan and DF) 
on textural, water- holding and sensory properties of low- fat pork bologna was 
studied by Shand (2000), who reported that barley meal made a positive 
contribution to the control of product purge loss. Sugar beet fi bre has been used to 
increase the DF level in frankfurters and Turkish- type salami containing 
interesterifi ed vegetable oils (Javidipour  et al. , 2005; Vural  et al. , 2004). FOS 
have been used to make fi bre- enriched reduced- fat cooked sausages with good 
sensory and textural properties and overall acceptability, suggesting that this fi bre 
is a good fat replacer (Cáceres  et al. , 2004). Inulin has been added to normal and 
reduced- fat cooked meat sausages (bologna- type products). This kind of product 
can be fi bre- enriched with inulin (5–7.5%) while retaining good sensory quality 
(García  et al. , 2006; Selgas  et al. , 2005). 

 Fibre- rich ingredients such as walnut or seaweed have also been used to produce 
fi bre- enriched cooked meat products. As well as enhancing the technological 
properties of the meat system, the addition of both ingredients to frankfurters 
augments the presence of DF; for example, the addition of 20% walnut furnishes 
around 1% of DF (Jiménez-Colmenero  et al. , 2010b), while the consumption of 
100 g of frankfurters containing 5% sea spaghetti would supply around 10% of the 
recommended daily DF intake (López-López  et al. , 2009).  
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   16.4.3  Fibre- enriched fermented meat products 
 It is only in the past 10 years, and to a very limited extent, that there have been 
reports of studies on the use of fi bres in fermented meat products ( Table 16.3 ). 
During ripening, a large amount of water is lost, increasing the relative proportions 
of the other components, including fi bre. This feature, which is absent in cooked 
and fresh meat products, can limit the amount of fi bre that the product will admit. 
In order to improve the nutritional and health quality of this type of product, fi bre 
(from wheat, peach, apple, orange, lemon and carrot, as well as inulin, short- chain 
FOS and carrageenan) has been added mainly as a fat replacer and/or as a 
functional ingredient. Fat reduction strategies are of particular interest, since the 
fat content of fermented meat products is usually high (over 30%) and modifi cation 
of that content affects product characteristics. In ‘sobrassada’, a dry-fermented 
sausage traditionally made in Mallorca (Spain), fat is the principal component, 
accounting for as much as 75% after ripening. When carrot fi bre was added to 
sobrassada, the resulting products had good physicochemical and sensory 

    Table 16.3     Fermented meat products enriched with different DFs and fi bre- rich 
materials  

 Product  Ingredients  Added as  Fibre content 
(g/100g) 

 Source 

 Dry-fermented 
sausages 

 Inulin  Fat replacer, 
functional 
ingredient 

 9.3–16.9  Mendoza  et al ., 
2001 

 Dry-fermented 
sausages 

 Wheat, oat, 
peach fi bre 

 Fat replacer, 
functional 
ingredient 

 2.0–4.0  García  et al ., 
2002 

 Dry-fermented 
sausages 

 Apple, orange 
fi bre 

 Fat replacer, 
functional 
ingredient 

 2.0  García  et al ., 
2002 

 Dry- cured 
sausages 

 Raw lemon 
albedo 

 Functional 
ingredient 

 0.3–0.4  Aleson-
Carbonell  et al ., 
2003 

 Dry- cured 
sausages 

 Cooked lemon 
albedo 

 Functional 
ingredient 

 0.3–0.4  Aleson-
Carbonell  et al ., 
2003 

 Fermented 
sausages 

  ι -carrageenan  Fat replacer  1.0–3.0 b   Koutsopoulos 
 et al ., 2008 

 Fermented 
sausages 

  κ -carrageenan  Fat replacer  1.0–3.0 b   Koutsopoulos 
 et al ., 2008 

 Dry-fermented 
sausage 
(sobrassada) 

 Carrot fi bre  Functional 
ingredient 

 3.0–12.0 b   Eim  et al ., 2008 

 Dry-fermented 
sausages 

 sc-FOS a   Fat replacer, 
functional 
ingredient 

 2.9–8.7  Salazar  et al ., 
2009 

   Notes:  a Short- chain fructooligosaccharides;  b  % of added ingredient; DF, dietary fi bre.     
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properties when fi bre addition did not exceed 3% (Eim  et al. , 2008). Aleson-
Carbonell  et al.  (2003) added raw and cooked lemon albedo to dry cured sausages 
to produce sausages with 0.26–0.43 g fi bre/100 g product and good overall 
acceptability. Active biocompounds of lemon albedo may also generate additional 
health benefi ts given a range of added lemon albedo between 2.5 and 10%. Of 
these benefi ts, perhaps the most striking is a reduction in the residual nitrite level. 

 Over 4% inulin and short- chain FOS have been added with good acceptability 
to reduced- fat fermented meat products (Mendoza  et al. , 2001; Salazar  et al. , 
2009). Both types of fi bre are considered excellent fat replacers. Cereal (oat and 
wheat) and fruit fi bres (apple, peach and orange) have also been used to develop 
a low- fat, fi bre- enriched fermented product (García  et al. , 2002). The amount and 
type of added fi bre infl uenced the textural and sensory parameters; scores were 
worst with 4% fi bre content (in the fi nal product) and were acceptable with 2%. 
Fruit fi bres, particularly orange fi bre, gave the best results, closer to conventional 
products. However, when carrageenans ( ι ,  κ ) were assayed as fat replacers to 
improve the quality of low- fat fermented sausages (by increasing water binding 
and lipid oxidation stability), the sensory scores were lower, with  ι -carrageenan 
producing a better effect than  κ -carrageenan (Koutsopoulos  et al. , 2008).   

   16.5  Future trends 
 The addition of DF to meat products is of great interest from a technological point 
of view. In meat processing, DFs were initially used as non- caloric bulking agents, 
to enhance water and oil retention and to improve emulsion and oxidative stability. 
However, the scope for their use has very much expanded in recent years due to 
the health benefi ts they can confer. The possibilities for their use may be enhanced 
by the development of new DFs, better understanding of these and improvements 
in meat manufacturing systems. Research is needed to improve the application of 
traditional fi bres, considering the changes in composition that are being introduced 
in meat derivative reformulation processes associated with the development of 
healthy meat products. 

 The development of new DFs (from traditional and non- traditional sources) 
with technological and sensory properties redesigned for new meat products with 
new formulations may open up unexplored avenues in food processing. Research 
aimed at a fuller understanding of the presence and functions of associated 
bioactive compounds, their technological possibilities and their potential health 
implications, within the context of a meat matrix, could provide new opportunities 
for the formulation of healthier meat products. This could be of particular interest 
if the possibilities of using DF to develop healthier meat products were investigated 
in association with other ingredients; this would involve searching for more 
complex formulations with optimized combinations of different functional 
ingredients (e.g. low- fat, low- sodium, unsaturated- enriched, fi bre- enriched and 
probiotic- enriched). Finally, for purposes of health claims it is essential to carry 
out research that demonstrates the functional effect associated with the presence 
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of fi bre in meat products conceived as potential functional foods. Foods promoted 
with such claims may be perceived by consumers as having an overall nutritional, 
physiological or other health advantage over similar or other products. Functional 
foods have progressed very fast in the past few years and are contributing to the 
development of new foods, including meats.  
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  Abstract:  The chapter reviews addition of soluble, semi- soluble and insoluble dietary 
fi bre (DF) of various origins to restructured seafood products. It pays particular attention 
to the effect of non- soluble or partially soluble ones, since soluble DF has been more 
extensively studied and more frequently used for many years in the processing industry. 
The main purpose of this addition is technological, but its presence may have a positive 
effect on health. A compromise needs to be found in order to meet functional and 
technological requirements while offering consumers healthy, tasty and attractive 
seafood products.  

   Key words:    seafood, dietary fi bre, seaweeds, polysaccharides, oligosaccharides.   

    17.1  Introduction 
 Restructured seafood products are foods made from minced and/or chopped 
muscle which are used, with or without additives/ingredients, to make other 
products with new appearance and texture (Borderías  et al. , 2005; Ramírez  et al. , 
2011). Different types of matrices can be used depending on the integrity of 
the muscle: from pieces of fi llets to minced fi sh or  surimi , which is a paste 
of stabilized myofi brillar proteins with long frozen storage stability and unique 
gel- forming abilities. These restructured products are good carriers for functional 
ingredients. Thus, fi sh muscle as a food vehicle for bioactive ingredients has 
considerable potential for tailoring foods with the required functional and sensory 
characteristics. 

 Many of the dietary fi bres (DFs) currently used for technological purposes in 
seafood products are highly soluble and come from algae, such as carrageenans, 
or from seeds, such as locust bean, guar, xanthan and inulin, and others from 
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bulbs, like glucomannan. On the other hand, there is very limited experience in 
the use of insoluble DF, such as cereal DF or partially insoluble DF, for example 
from peas, in seafood products. The advantages of DF are that they are practically 
calorie- free and for technological purposes they provide good water- binding 
capacity and can be used to modify texture. There are many references in the 
literature to addition of insoluble or partially insoluble DFs to meat and other food 
products, but there are hardly any references to addition of this type of DF to 
seafood products (Borderías  et al. , 2005; Ramírez  et al. , 2011). Another type of 
DF of particular interest for addition to fi sh products is antioxidant DF (ADF), 
obtained mainly from some fruits which contain both well- balanced soluble/
insoluble DF (more than 50%) and natural constituents with specifi c antioxidant 
capacity (Saura-Calixto, 1998). 

 In most of the studies found in the references, DF was added to seafood 
products for technological purposes and therefore the amount added was small. 
From a functional point of view, according to the EU regulation (EC, 2006), a 
product can be labelled as a ‘source of dietary fi bre’ if it contains a minimum of 
3% fi bre or a minimum of 1.5 g fi bre per 100 kcal, and as having ‘high content of 
fi bre’ if it contains 6% fi bre or a minimum of 3 g of fi bre per 100 kcal. Given that 
the calorie content of fi sh muscle is low (around 70–120 kcal/100 g in white 
species and 130–200 kcal/100g in fatty species), most of the studies cited in this 
chapter would meet the fi rst requirement, with about 1–2.5% of fi bre. 

 The technological and functional characteristics of these fortifi ed products 
are very important, but they must also be compatible with sensory properties. 
For instance, they have to be attractive products to market, and therefore the 
product development process should incorporate consumer studies from the outset 
(Careche  et al. , 2008). This chapter is organized on the basis of DF origin while 
addressing the technological importance of different types of DFs added to 
restructured seafood products.  

   17.2  Fortifi cation with dietary fi bres of aquatic origin 
   17.2.1  Seaweeds 
 Seaweeds contain signifi cant amounts of insoluble and soluble polysaccharides, 
and hence offer potential for fortifi cation of food products with DF for technological 
and physiological purposes. Seaweed is particularly suitable for enriching muscle- 
based restructured products. Some papers have been published on its use as an 
ingredient in meat products (Chun  et al. , 1999; López-López  et al. , 2010; Cofrades 
 et al. , 2011), but there is scant information about addition to fi sh muscle. 

 Most seaweeds are useful dietary supplements because they are important 
sources of polysaccharides, minerals and vitamins. Many types of seaweed 
contain high concentrations of DF and omega-3 fatty acids, which are benefi cial 
to health (Norziah and Chio, 2001). Seaweeds are also a source of other bioactive 
compounds, such as phytochemicals, sterols, tocopherols and phycocyanins, that 
are recognized to possess health benefi ts for humans, such as antitumoural, 
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anticholesterolaemic, antiviral and antioxidant activities of seaweed constituents 
(Jiménez-Escrig and Sánchez-Muñiz, 2000; Venugopal, 2009). 

 One seaweed that has been extensively studied is  Fucus vesiculosus  
L. ( Phaeophyta ) .  This is an edible brown- coloured perennial dioecious seaweed 
which contains protein, minerals, iodine, vitamins and mono- and polyunsaturated 
fats (Rupérez, 2002; Morel  et al. , 2005). However, the components most 
directly responsible for the reported health effects of  Fucus  are non- digestible 
polysaccharides (DF) and polyphenols. This DF is composed of fucans, alginates, 
laminaranes, cellulose and fucoidan, the predominant polysaccharide. In fact, 
fucoidan (a sulphated polysaccharide) has been found to possess high antioxidant 
capacity (Jiménez-Escrig  et al. , 2001; Rupérez  et al. , 2002; Morel  et al. , 2005) 
due to the presence of phenolic compounds and the synergic effect of phlorotannins, 
vitamin E and certain carotenoids (Rupérez  et al. , 2002). Díaz-Rubio  et al.  (2011) 
studied the technological effect of ADFs from  Fucus vesiculosus  added to minced 
horse mackerel ( Trachurus trachurus ) during frozen storage. Minced fi sh samples 
supplemented with 1 and 2% ADF were compared with ADF-free control samples. 
The mince with ADF had lower lipid oxidation than those without addition of 
ADF, and the total drip (after thawing + cooking) was reduced after 3 months of 
frozen storage. When it was supplemented with 1% ADF, its fl avour did not differ 
from the control. When it was supplemented with 2% ADF, the fl avour did differ 
from the control, but it was still acceptable. Since 100 g horse mackerel muscle 
had 139 kcal, the fi sh sample could only be considered a source of fi bre when it 
contained at least 2 g of ADF per 100 g fi sh muscle.  

   17.2.2  Seaweed hydrocolloids 
 Seaweeds are a good source for extraction of hydrocolloids. Seaweed hydrocolloids 
are the most widely used in the food industry after starch. They are currently used 
for technological purposes as thickening, emulsifying and gelling agents. They 
may also be considered as a source of soluble DF if used in adequate quantities. 

 Alginates are soluble DF from seaweed, usually used as food additives, 
especially in the production of gel- like foods. One of the particular characteristics 
of alginate is that it is capable of thermostable cold gelation (below 10°C) when a 
source of Ca 2+  is added. Alginates are usually used mainly as gelling agents by 
incorporating minced fi sh in an alginate gel. In this way, the fl aky internal 
appearance of fi sh fi llets can be simulated by alginate layering (Glicksman, 1987). 
Recently, it has been used to develop a restructured fi sh product having the 
fl aky appearance of raw fresh fi sh, from fi sh fi llet trimmings and minced 
hake ( Merluccius capensis ) muscle (Moreno  et al. , 2008; 2010). Also, alginates 
can be used as a thickening agent without addition of Ca 2+ . In this case, Pérez-
Mateos and Montero (2000) reported that the gel properties tended to be weakened 
by increasing concentrations in a range of 0.5–4 % alginate in blue whiting 
( Micromesistius poutassou ) mince ( Table 17.1 ). Differential scanning calorimetry 
(DSC) analysis detected strong synergistic interactions when blended with 
carrageenan, but that did not affect the rheological properties of blue whiting 
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mince gels (Pérez-Mateos  et al. , 2001). Besides, the gel- forming ability of blue 
whiting mince gels containing 0.5% alginate can be modifi ed by applying high 
pressure during the gelation process (Pérez-Mateos  et al. , 2002). Alginate has also 
been found to have a cryoprotective effect (about 0.5%) in cod  surimi  and red 
hake ( Urophycis chuss ) mince, preventing muscle fi bre interaction and hence the 
dispersibility of the mince, but this effect was weaker than that produced by 
carbohydrates or polyalcohols (Sych  et al. , 1990; Lian  et al. , 2000). 

 Others sources of soluble DF from seaweed are sulphated polysaccharides 
( κ - and  ι -carrageenans). In a concentration range of 0.2–5%, these can modify the 
properties of restructured fi sh products, such as texture, water- holding properties 
and colour, as a result of their gel- forming capacity and their ability to interact 
with the myofi brillar protein due to their anionic nature. According to Ortiz and 
Aguilera (2004), the enhancement in the textural properties of horse mackerel 
 surimi  gels containing  κ -carrageenan are very similar to those observed in other 
hydrocolloids such as starch and form ‘packed’ microgels within the protein gel 
network through different mechanisms. In studies carried out in blue whiting 
mince,  κ -carrageenan addition produced the hardest gels ( Table 17.1 ), in direct 
proportion to the amount added (Pérez-Mateos and Montero, 2000). A mixture of 
 κ - and  ι -carrageenan was used to increase hardness in formulations containing 
proteins recovered from cape hake by- products (‘sawdust’) to prepare a 
frankfurter- type fi sh sausage (Pires  et al. , 2009). Other products in which 
carrageenan has been used to enhance gel- forming capacity are: ‘sawdust’ from 
hake muscle ( Merluccius australis ) (Borderías  et al. , 1996); minced chum salmon 
fl esh (Gao  et al. , 1999); sardine ( Sardina pilchardus ) mince (Gómez-Guillén and 
Montero, 1996; Gómez-Guillén  et al. , 1997); and fi sh burgers from spotted 
croaker ( Protonibea diacantha ) (Kasapis  et al. , 2004). Also,  κ -carrageenan has 
been used to stabilize a  surimi  emulsion blended with tofu powder to produce a 
smoother and more compact gel network (Panyathitipong and Puechkamut, 2010). 
In the case of blue whiting mince, the gelling coadjutant effect of carrageenans 
can be explained by the fact that they are distributed throughout the mince matrix, 
and the size of the cavities formed and the volume occupied are such as to form a 
continuous structure inside the gel cavity (Montero  et al. , 2000). In giant squid 
( Dosidicus gigas ) mince,  ι -carrageenan forms an independent network which 
supports the main structure after heat- treatment (Gómez-Guillén  et al. , 1996). 
After high pressure gelation of blue whiting mince, 0.5%  ι -carrageenan appears in 
globular form, indicating that it has not gelled; on the other hand, 0.5% 
 κ -carrageenan forms small, fi ne reticular structures and noticeably increases 
water-holding capacity (WHC), as shown in  Fig. 17.1  (Pérez-Mateos  et al. , 2002). 

  κ -Carrageenans are also used in blends with other hydrocolloids (locust bean 
gum, guar gum, xanthan gum, carboxymethylcellulose (CMC), alginate) and even 
blends of different types of carrageenan ( kappa  plus  iota ) in order to modify the 
properties of heat- induced gels made from blue whiting mince (Pérez-Mateos 
 et al. , 2001). Carrageenans ( lambda  and  iota ) have also been studied for their 
cryoprotective effect in cod  surimi  at 0.5%; however, as in the case of alginate, 
they were less effective than carbohydrates or polyalcohols (Sych  et al. , 1990). 
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 Agar, which is composed of 70% agarose and 30% agaropectin, is a soluble DF 
derived from a polysaccharide that accumulates in the cell walls of red algae and 
is a rich source of DF. Chen and Xue (2009) reported that the addition of agar can 
improve the gel- forming properties of horse mackerel  surimi  since it forms a 
dense and uniform three- dimensional network. Agar has also been used for its 
cryoprotectant effect in marlin fi sh  surimi  at 1–2% (Ueng and Chu, 1996).  

   17.2.3  Seafood waste polysaccharides 
 The term ‘dietary fi bre’ includes not only non- digestible parts of vegetables but 
also DF polysaccharides of animal origin such as chitosan, which are derived 
from the chitin contained mainly in the exoskeletons of crustaceans, squid pens 
and in certain other organisms including many fungi, algae, and yeast. Chitosan, 
an aminopolysaccharide containing  β -(1–4)-linkages as in cellulose, is known to 
possess numerous technological and physiological properties useful in foods 
(Koide, 1998; Shahidi  et al. , 1999). As regards physiological activities, its highly 
polymerized oligomers show strong functionality (Jeon  et al. , 2000). Studies on the 
use of chitosan in foods mainly address its antimicrobial and antioxidant capacity in 
solution, in powdered form and also in fi lms and coatings (No  et al. , 2007; Friedman 
and Juneja, 2010). Chitosan has been used in fi sh muscle or fi sh gels for its 
antioxidant capacity and its antimicrobial capacity, in a range that depends on the 
type of chitosan: from 50–200 ppm to about 0.5–1.5%. As mentioned above, to be 
considered a source of fi bre a seafood would have to contain at least 1–1.8% per 
100 g of muscle in lean species or about 2–3% per 100 g of muscle in fatty species. 
It has been used to reduce lipid oxidation in minced horse mackerel ( Trachurus  
spp.) muscle under high pressure (Gómez-Guillén  et al. , 2005) and in  kamaboko  
gels made from grass carp ( Ctenopharyngodon idellus ) (Wu and Mao, 2009). Kamil 
 et al.  (2002) and Shahidi  et al.  (2002) reported that lower- viscosity chitosan (14 cP) 
was more effective than higher- viscosity chitosan in preventing lipid oxidation in 

   Fig. 17.1      Water- holding capacity (WHC) of blue whiting minced gels containing 0.5% 
of different hydrocolloids (a: alginate; b:  κ -carrageenan; c: CMC; d: xanthan) under 
different gelling treatments (T: 37°C, 30 min/90°C 50 min at atmospheric pressure; L: 200 
MPa, < 10°C, 10 min; H: 375 MPa, 3°C, 20 min). Different letters in each row (a, b) indicate 
signifi cant difference (   p  ≤ 0.05). Adapted from Pérez-Mateos  et al.  (2002) and Montero 

 et al.  (2001).     
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cooked comminuted fl esh of herring ( Clupea harengus ) and cod ( Gadus morhua ) 
after cooking. Chitosan has been reported to effectively inhibit microorganism 
growth in threadfi n bream ( Nemipterus  spp.) (Kok and Park, 2007), in  kamaboko  
gels made from grass carp (Wu and Mao, 2009), and in cod patties when applied as 
a coating but not when added in powdered form (López-Caballero  et al. , 2005). As 
a texture modifi er it has been used in concentrations of 1–1.5% in combination with 
calcium chloride, greatly improving the gelling properties of barred garfi sh 
( Hemiramphus far ) (Benjakul  et al. , 2001; 2003) and the low- quality walleye 
pollock ( Theragra chalcogramma )  surimi  gels (Kataoka  et al. , 1998). Chitosan (1% 
w/w) has been reported to have a cryoprotective effect on croaker fi sh ( Johnius 
gangeticus )  surimi  similar to commercial cryoprotectants, both of which minimized 
the negative effects of frozen storage on physicochemical attributes of myofi brillar 
proteins (Dey and Dora, 2010). In lizardfi sh ( Synodontidae  spp.)  surimi , chitin 
hydrolysates retard the effects of freeze- induced denaturation by stabilizing the 
hydrated water molecules that surround the protein (Somjit  et al. , 2005).   

   17.3  Fortifi cation with dietary fi bres of terrestrial origin 
   17.3.1  Seeds 
 Guar gum, locust bean gum and tamarind gum are examples of water- soluble DFs 
extracted from seeds. They are used to enhance functional properties such as 
WHC and rheological properties at low concentrations (about 0.5–1%). Addition 
of 1% guar gum to minced fi sh muscle, which is the requirement to be considered 
as a source of fi bre in lean fi sh, has been found to signifi cantly increase the WHC 
of blue whiting mince gels (by about 15%). Higher concentrations (up to 4%) did 
not improve the effect and reduced folding test and hardness scores ( Table 17.1 ) 
(Pérez-Mateos and Montero, 2000). 

 Locust bean gum (1%) has been found to increase the breaking deformation of 
blue whiting mince gels (Pérez-Mateos and Montero, 2000). However, other 
studies have reported that locust bean gum (1%) negatively affected the shear 
stress of myofi brillar protein gels from silver carp ( Hypophthalmichthys molitrixat ) 
(Ramírez  et al. , 2002). Both gums (1% locust bean and 0.5% guar gum) behave 
differently in blue whiting mince gels under different gelling conditions 
( Fig. 17.2 ), probably because of the different structure that forms in the fi sh gel 
matrix: fi lamentous in pressurized gelation and more aggregated in heat gelation 
(Montero  et al. , 2001). Chen and Xue (2009) reported that addition of tamarind 
gum improved the gelation properties of horse mackerel  surimi , which formed a 
dense and uniform three- dimensional network. 

    17.3.2  Cereal dietary fi bres 
   Wheat dietary fi bre in  surimi  and  surimi  gels  
 Wheat DF (WDF) is one of the most widely used ingredients as dietary fi bre 
sources. It is composed mainly of cellulose and hemicellulose, which makes it 
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highly insoluble. It is white in colour and neutral in taste and smell, which is very 
important for use as an ingredient in fi sh products based on  surimi  and minced fi sh 
muscle. 

 Various authors (Sánchez-Alonso  et al. , 2006; 2007a) carried out studies on 
the inclusion of WDF (Vitacel ® ) in gelled fi sh products. They were performed 
on two types of  surimi , Alaska pollock and giant squid, at two concentrations 
(3% and 6%) and with two different WDF particle sizes (80 and 250  μ m). The 
results in both types of  surimi  are similar, and from the point of view of gelation 
can be regarded as good quality, although water retention properties, and hence 
mechanical properties and texture, are signifi cantly affected because the protein 
network becomes less homogeneous ( Fig. 17.3 ) (Sánchez-Alonso  et al. , 2006; 
2007a). This porous structure has been described by other authors in  surimi  
products to which hydroxylpropylmethylcellulose was added (Chen  et al. , 2005). 
One of the reasons for lower gel strength (Sánchez-Alonso  et al. , 2007a) may also 

   Fig. 17.2     Scanning electron microscopy images (× 1500 magnifi cation) of blue whiting 
minced gels containing 0.5% guar gum. a: 200 MPa, 7°C, 10 min; b: 375 MPa, 37°C, 

20 min. Adapted from Montero  et al.  (2001).     

   Fig. 17.3     Scanning electron micrographs (×1000 magnifi cation) showing the arrangement 
of WDF in giant squid surimi gels. (a) Control sample without WDF; (b) sample 

with 6% WDF.     
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be that the inclusion of WDF involves a substitution of protein by DF and there is 
a well- known relationship between the actomyosin concentration and the ability 
to form a gel (Park, 2005). Sánchez-González  et al.  (2009) studied the interactions 
of DF with the water and protein in Alaska pollock gels with added WDF using 
Raman analysis. The authors of this study suggest that water transfer from protein 
to WDF can occur, either taking water that is delivered from the gel protein upon 
heat- mediated formation of  β -sheets and hydrophobic bonds and/or acting as an 
active dehydrating agent. Furthermore, the addition of WDF to products made 
from Alaska pollock surimi increases gel brightness and luminosity. 

 The particle size of the added WDF is also relevant, since hydration properties 
and fat retention capacity decrease with decreasing particle size (Ang and Crosby, 
2005). Decreasing DF particle size generally leads to changes at two levels: an 
increase in the surface area of particles and/or a decrease in the volume of internal 
holes (Nelson, 2001). The shorter particle WDF (80  μ m) is denser than the longer 
particle WDF (250  μ m), giving it a more compact structure in which less water 
can be retained (Miller, 1986). In gels made from giant squid  surimi , both short 
and long particle DFs have the same water- binding effect, but after freezing short 
WDF binds more water than long WDF. This may be due to the disruption caused 
by the WDF particles in the protein network that forms the gel; this will be 
aggravated if the amount of WDF is increased, while a small particle size may 
cause less disruption. As regards texture, WDF makes gels softer and more 
deformable; this attenuates the gummy texture, which is not acceptable in western 
countries (Sánchez-Alonso  et al. , 2007a).  

  Wheat dietary fi bre in minced fi sh products 
 Sánchez-Alonso  et al.  (2007b) studied the incorporation of levels of 3–6% of 
WDF with a constant water percentage in minced muscle of two fi sh species: hake 
and horse mackerel. The results show that, when water is added to the formula to 
maintain the fi nal moisture of the products, the presence of WDF reduces the 
water retention properties, but this loss is smaller when the particle size is small. 
However, when no water is added, more water is retained in minced fi sh muscle 
with WDF than without it. The presence of WDF signifi cantly increases the WHC 
after thawing and cooking in minced fi sh muscle even when water is added to 
maintain the fi nal moisture. Thus, if minced fi sh muscle is to be battered and fried, 
the addition of WDF will be useful, since it will prevent breakage of the coating 
and deformation of the fried portions (Nelson, 2001; Sánchez-Alonso  et al. , 
2007b). The incorporation of 3–6% WDF into minced fi sh muscle signifi cantly 
affects product texture, as measured either instrumentally or by sensory analysis, 
making it less fi rm and cohesive (Sánchez-Alonso  et al. , 2007b). There are no 
signifi cant differences in shear strength of samples with and without WDF at the 
concentrations cited, irrespective of the particle size of the WDF, when water is 
added to maintain the fi nal moisture. If water is not added to keep the moisture 
constant, shear strength increases. Hardness and cohesiveness of minced fi sh 
muscle are inversely proportional to the amount of WDF added (Sánchez-Alonso 
 et al. , 2007b). The incorporation of WDF increased the whiteness of minced horse 

�� �� �� �� ��



Fibre- enriched seafood 357

© Woodhead Publishing Limited, 2013

mackerel and hake muscle samples, in proportion to the amount of WDF added. 
This is important for consumers, as they value whiteness in fi sheries products 
highly (Ang, 1993). Samples with WDF differed from the control in sensory 
aspects ( Fig. 17.4 ), mainly related to texture. In the horse mackerel samples, the 
inclusion of WDF reduced the strong taste of the muscle, which is a feature 
characteristic. In both types of samples, those with 3% added WDF scored a little 
lower than the control, but samples with 6% were not acceptable (Sánchez-Alonso 
 et al. , 2007b). 

    Other cellulose DFs used as ingredients in  surimi  products  
 The literature describes a trend of gradually declining hardness and gel strength in 
fi sh protein gels with increasing concentrations of added cellulosic DF (other than 
WDF); this is associated with discontinuity in the structure of the protein matrix 
that forms the gel, irregular distribution of water in the gel matrix due to 
competition affecting hydration of the DF, and lower protein content (Yoon and 
Lee, 1990; Tudorica  et al. , 2002). When cellulose is added to moulded or fi breized 
seafood products, the tendency to acquire a dry, rubbery texture during frozen 
storage is reduced (Yoon and Lee, 1990). 

 Yoon and Lee (1990) examined the cryoprotective, texture- modifying and 
freeze- thaw stabilizing effects of 1–2% powdered cellulose (Solka Floc®) in red 
hake  surimi  products. These authors reported that cellulose effectively reduced 
the usage level of cryoprotectants, and hence sweetness. Cellulose also reduces 
the amount of modifi ed starch needed in  surimi  products, thus achieving a non- 
starchy texture. It also prevents gelled products from becoming rubbery and dry 
during frozen storage by reducing freeze syneresis and improving water binding.  

  Other cellulose DFs used as ingredients in minced fi sh products 
 In order to develop a healthy low- fat fi sh sausage from minced hake ( Merluccius 
capensis ), Cardoso  et al.  (2008) added 4% pea DF (Swelite®) as an ingredient in 

   Fig. 17.4     Sensory evaluation: results of quantitative descriptive analysis carried out in 
cooked samples (H: hake; M: horse mackerel). 0: control without WDF; L3 and L6: 3% 
and 6% long particle WDF added, respectively (moisture adjusted to 81.5%); L3*: 3% long 
particle WDF added (fi nal moisture not adjusted); S3: 3% short particle WDF added 

(moisture adjusted to 81.5%).      
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fi sh sausages; this contains two- thirds cellulose. These authors concluded that it is 
possible to make a texturally acceptable sausage by combining lower fat content 
with increased Swelite® content. 

 CMC is a water- soluble polymer with different properties depending on 
the extent of modifi cation of the cellulose ether structure. Addition of 1–4% CMC 
to minced blue whiting muscle produced a signifi cant decrease in gel- forming 
ability and hardness, as shown in  Table 17.1  (Pérez-Mateos and Montero, 2000). 
Chen and Xue (2009) reported that the addition of CMC modifi ed the gelation 
properties of horse mackerel  surimi , though to a lesser extent than other 
hydrocolloids (curdlan, tamarind gum, glucomannan and carrageenan). CMC 
needs large amounts of water to swell; not much water is released by the muscular 
protein, and therefore the CMC behaves as an inert fi ller in the fi sh–protein 
matrix of blue whiting minced gels, which are relatively water- constrained 
(Pérez-Mateos  et al. , 2001). As noted earlier, the gelling treatment may 
produce an alteration in the hydrocolloid structure which could infl uence its 
behaviour as a texturizing additive and also as DF. As  Fig. 17.1  shows, CMC 
signifi cantly increases the WHC of gels after pressure gelling treatment (Montero 
 et al. , 2001).   

   17.3.3  Fruits 
  Grape dietary fi bre 
 The chief characteristics of the grape DF concentrates (GDF) obtained from wine 
industry by- products are high total DF content (> 70%), a relatively high ratio of 
soluble to total DF content, and the presence of associated polyphenolic 
compounds (> 5%) (Sánchez-Alonso  et al. , 2007c; 2008). The effect of addition 
of these GDFs to minced fi sh muscle and their effect on suitability for frozen 
storage have been studied for technological purposes. Both white and red GDFs 
were used as ingredients in minced fi sh muscle in proportions of 2 and 4% 
(Sánchez-Alonso  et al. , 2007c, d; 2008; Sánchez-Alonso and Borderías, 2008). 
However, GDF was not used in  surimi , since the authors found a dramatic 
reduction of its gel- forming ability. 

 Water holding during frozen storage was higher in mince with added GDF than 
in control without GDF. GDF also reduced the thaw drip loss and increased the 
cooking yield, so here again GDF addition appears to be a good means of 
preventing the breadcrumb coating from breaking because of excessive drip 
release when frozen breaded portions are deep- fried. Also, mechanical properties 
were modifi ed, reducing cohesiveness and hardness (Sánchez-Alonso  et al. , 
2007d; Sánchez-Alonso and Borderías, 2008). The main advantage of these GDFs 
was that they acted as strong antioxidants when added at 2% to frozen stored 
horse mackerel mince (Sánchez-Alonso  et al. , 2007c; 2008). Their antioxidant 
properties come chiefl y from extractable polyphenols (Sánchez-Alonso  et al. , 
2007e). The main drawback is that addition of more than 2% GDF produces some 
undesirable fl avours and a colouring that is diffi cult to camoufl age even in a 
strongly coloured muscle like horse mackerel. 
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 Some consumer studies have been conducted on fi sh mince with added GDF. 
One recommendation arising from these was to use other sources of ADF, since it 
was shown that consumers did not like to mix terrestrial with seafood/fi sh DF but 
preferred DF of marine origin, for example seaweed DF (Careche  et al. , 2008). 
Also, DF colour can be a problem for white seafood muscle; however, what is a 
disadvantage in a traditional product like the ones cited may be an advantage in 
the case of new, fancier products such as snacks or salad- bar products ( Fig. 17.5 ) 
(Careche  et al. , 2011). 

   Pectin 
 Pectins are another kind of soluble DFs found in fruits and vegetables, mainly 
citrus peels or apples. Pectin has been added as a cryoprotectant to cod and marlin 
fi sh  surimi , though the  surimi  presented less freezing stability and gel- forming 
ability than when the traditional cryoprotectant sorbitol was used (Sych  et al. , 
1990; Ueng and Chu, 1996). There are only a few studies in which pectins have 
been used at 1–5% (w/w) in seafood products to increase the mechanical properties 
of the  surimi  gel (Barrera  et al. , 2002; Uresti  et al. , 2003a, b). In general, neither 
high- nor low- methoxyl pectins improve the mechanical properties of  surimi ; 
however, amidated pectins have been reported to improve its gelling properties. In 
fact, 25% amidated low methoxyl pectin can be added to restructured fi sh products 
at 1–5% to offer adequate textural properties with almost no perceptible changes 
in colour attributes (Ramírez  et al. , 2007; Rodríguez  et al. , 2008). However, some 
studies have reported that pectin had a negative effect on the gelation properties 
of horse mackerel  surimi , causing the formation of an impacted network with 
huge holes (Chen and Xue, 2009). Besides textural modifi cation, some researchers 
have used citrus pectin in fi sh burgers in order to improve organoleptic properties 
(Kasapis  et al. , 2004).   

   17.3.4  Polysaccharide produced by microbial fermentation 
 Xanthan gum is a soluble DF produced from pure culture fermentation of the 
microorganism  Xanthomonas campestris . Xanthan behaves differently from other 
anionic hydrocolloids, probably due to its large molecular size, producing softer 
fi sh mince gels, as shown in  Table 17.1  (Pérez-Mateos and Montero, 2000). These 
authors also report that the addition of 1–4% xanthan gum to minced fi sh muscle 
produced a considerable decrease in hardness ( Table 17.1 ), elasticity and 
adhesiveness of blue whiting gel (Pérez-Mateos and Montero, 2000). It is 
important to note that 0.5% xanthan gum signifi cantly increased the WHC of the 
gels after high pressure gelling treatment ( Fig. 17.1 ) (Montero  et al. , 2001). 
Ramírez  et al.  (2002) reported a disruptive effect on the gel- forming ability of 
 surimi  with xanthan at 0.75–1%, though this negative effect was partially inhibited 
with addition of 0.4% calcium chloride. As noted earlier in the case of pectin, 
Chen and Xue (2009) also reported a negative effect of xanthan gum addition on 
the gelation properties of  surimi , producing an impacted network with huge holes. 
In terms of fi sh gel microstructure, xanthan gum interacted with the fi sh–protein 
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   Fig. 17.5     Fancy brochette with added wheat DF and  Fucus  DF.     
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matrix (Pérez-Mateos  et al. , 2001), forming a mesh of fi laments inside the cavities 
of the heat- induced gel (Montero  et al. , 2000). Addition of a blend of xanthan and 
locust bean gums (ratio 0.25/0.75) has been reported to enhance the mechanical 
properties of myofi brillar proteins from silver carp ( Hypophthalmichthys 
molitrixat ) (Ramírez  et al. , 2002). As mentioned above, most of these levels of 
fi bre addition are too low to be classifi ed as fortifi cation. 

 Curdlan, generic name  β -(1–3)- D -glucan, is another microbial polysaccharide 
and an insoluble DF. Chen and Xue (2009) studied the addition of different 
hydrocolloids, of which curdlan produced the most benefi cial effect on the 
gelation properties of horse mackerel  surimi . When silver carp mince was mixed 
with curdlan at a concentration of 1–3%, the gel strength and hardness of the 
resulting gels increased (Yinghong  et al. , 2003).  

   17.3.5  Others 
 Non- digestible oligosaccharides are potentially prebiotic soluble DF products. 
Protein cryoprotectants (such as trehalose, sorbitol and maltodextrin) are 
commonly used at concentrations of 4–8% in fi sh muscle to minimize thaw loss 
and texture changes of fi sh muscle (Nopianti  et al. , 2011). 

 Inulin (Fibruline®), from chicory root, worsened textural quality and WHC 
when added at 4% (w/w) to restructured fi sh products made with South African 
hake mince (Cardoso  et al. , 2007a, b; 2008). Following on from these studies, it 
was found that the textural quality of gels from Atlantic mackerel ( Scomber 
scombrus ) and chub mackerel ( Scomber japonicus )  surimi  and from sea bass 
( Dicentrarchus labrax ) trimmings, containing inulin, could be enhanced by 
addition of 1–2% carrageenan or 0.5% microbial transglutaminase (MTGase) 
(Cardoso  et al. , 2009; 2010b; 2011a, b). The same authors successfully developed 
a healthy low- fat fi sh sausage containing inulin and South African hake mince as 
a pork meat replacer (Cardoso  et al. , 2008), fortifi ed with omega-3 fatty acids 
(Cardoso  et al. , 2010a). 

 Park (1996) used glucomannan from konjac fl our as an ingredient in both 
Alaska pollock and Pacifi c whiting  surimi . Five per cent konjac fl our reinforced 
the shear stress of gels 8–10-fold and exhibited an ability to maintain consistent 
shear strain values against repeated freeze/thaw abuse. This fl our increased the 
lightness of gels at concentrations up to 2%, with a gradually increasing yellow 
hue from there up to 5%. Cardoso  et al.  (2011b) reported an increase of the 
hardness and elastic modulus of seabream ( Sparus aurata ) mince with 1% added 
konjac fl our, but gels were less deformable and so of poorer quality. These authors 
also reported a mutual reinforcement of gel hardness when MTGase and konjac 
fl our were added together. In the two papers cited, konjac fl our was added as a 
fi ller and not as a gelling agent; the aim was to raise the pH in order to obtain 
thermostable gels after deacetylation. Iglesias-Otero  et al.  (2010) added konjac 
glucomannan to poor quality squid  surimi  in a fi nal proportion of 0.1% in order to 
bring the pH up to around 10 and so improve the gelation quality of the  surimi  
through the formation of a parallel thermostable network. Solo- de-Zaldivar  et al.  
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(2012) studied glucomannan gelation with a view to making restructured seafood 
products based on a non- functional mince and an aqueous solution of glucomannan 
(at a fi nal concentration of 1.5%) in order to achieve structures with non- functional 
mince, such as muscle which has been previously heated. 

 Glucomannan has also been studied as a cryoprotectant in  surimi  of grass carp 
( Ctenophryngodon idella)  (Xiong  et al. , 2009). These authors reported that the 
cryoprotective effect of 1% glucomannan was as good as that of a conventional 
cryoprotectant. They also reported that at this level the breaking force and 
deformation of gels increased, and that the water properties of  surimi  improved 
while whiteness decreased.   

   17.4  Conclusion 
 It is accepted that consumption of DF exerts a positive effect on human physiology 
through the gastrointestinal tract, in addition to certain metabolic activities. DF 
supplementation could thus considerably enhance the nutritional value of a very 
healthy food like fi sh. DF is not only a healthy complement in seafood products 
but is also useful for developing new seafood products, especially restructured 
products. To that end, a compromise needs to be found in order to meet functional 
and technological requirements while offering consumers healthy, tasty and 
attractive seafood products. 

 Soluble DFs have been used for many years and are essential ingredients in 
many seafood formulations. Other less widely used DFs, for instance from some 
cereals, fruits or seaweeds, have a good soluble/insoluble DF balance, which is 
better from a physiological point of view, and they also have useful technological 
properties for restructured seafood products. Also, antioxidant DFs offer a new 
way to prevent oxidation of highly unsaturated seafood lipids.  

   17.5  Future trends 
 The nutritional properties of DF can further complement the healthy characteristics 
of seafood with added benefi cial effects such as reducing cholesterolaemia, 
modifying glycaemic response, reducing nutrient availability, prebiotic capacity, 
and so on. In many applications, the amounts of DF used may be too low to exert 
physiological effects; however, in the diet the sum of this and other DF from other 
sources can defi nitely be benefi cial. Further intervention studies are needed to 
confi rm the benefi cial effects of DFs in general and balanced soluble/insoluble 
DFs in particular. As new ADFs are identifi ed, they may be found suitable for 
addition to restructured fi sh products. 

 To date, DF has been added directly to restructured seafood products 
made from minced muscle. However, no other ways of adding DF ingredients, 
such as by injection in liquid dispersion into the whole fi sh muscle, have been 
reported. 
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 Given the increasing awareness of health issues among consumers, the 
substitution of chemical for natural antioxidants like ADF is a sound argument in 
favour of future development. Another compelling argument is the replacement of 
polyphosphates and other additives for DFs to bind water and thus achieve a 
better texture. 

 The development of novel modifi ed DFs with optimized properties for certain 
applications in particular products offers the prospect of better ingredients to bind 
water and probably improved gelation of muscle proteins in order to develop 
different kinds of textures. 

 The use of seaweed and seaweed DF as an ingredient in restructured seafood 
products offers the opportunity to create new fancy and healthy products which 
may be well received by consumers with the help of communication campaigns. 
Also, the sea- associated fl avour imparted by seaweed, and the fact of its marine 
origin, are likely to enhance consumer acceptance. 

 Given the foreseeable need for the seafood industry to upgrade industrial by- 
products and by- catches through increasing development of restructured products, 
it will be necessary to use different ingredients such as traditional DFs – alginates, 
carrageenans and so on – and to design new ones to meet all kinds of technological 
requirements. 

 In general, DF fortifi cation of seafood is still a largely empirical process. 
Clearly, then, further research into the effect of DF and associated substances and 
the development of new modifi ed DFs targeting different technological effects 
will produce changes in seafood technology, especially in the fi eld of processed 
seafood products.  

   17.6  Sources of further information and advice 
  Research and interest groups 

   •   Institute of Food Science, Technology and Nutrition (ICTAN-CSIC), a part of 
the Spanish National Science Research Council (CSIC). The Research 
Departments of Products considers different aspects related to the design, 
recovery and innovation of restructured seafood products.  

  •   West European Fish Technologists’ Association (WEFTA) is a major European 
platform for institutes engaged in fi sh and food science and technology.  

  •   Atlantic Fisheries Technology Conference (AFTC) promotes the application of 
science and engineering to the production, processing, packaging, distribution, 
preparation and utilization of fi shery products.  

  •   Seafood Science and Technology Society of the Americas (SST) is a 
professional and educational association of aquatic food product technologists 
focusing on tropical and subtropical species.  

  •   The Pacifi c Fisheries Technologists (PFT) is a professional society for fi sheries 
technologists that promotes better working relationships among companies, 
universities and government laboratories specifi cally involved in Pacifi c 
Fisheries, and also worldwide relationships.    
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  Database and books 

   •   The Global New Products Database (GNPD) facilitates searches for and 
analysis of ingredient trends in new consumer packaged goods, whether the 
search is for a specifi c emerging ingredient or for an overarching trend in 
ingredients.  

  •   Seafood Network Information Center (SeafoodNIC) hosts a bibliographic 
database of citations in fi sh technology with a bias towards composition, 
quality, safety, quality assurance, inspection and regulation of fi shery products.  

  •   Book review:  Marine polysaccharides: food applications  (Venugopal, 2011) is 
a useful reference covering the nature, source, production and applications of 
these polysaccharides in food product development and other areas.     
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  Abstract:  The addition of fi bre into products fulfi ls a role in improving the health 
positioning and nutritional content with a view to making a product claim. The purpose of 
this chapter is to introduce the important factors when fortifying non- dairy beverages 
with fi bre, to introduce some fi bre ingredients that are suitable for adding into non- dairy 
beverage systems and to provide some practical tips to ensure optimal stability and fi nal 
product quality.  

   Key words:    dietary fi bre addition in beverages, quality, stability.   

    18.1  Introduction 
 There are many challenges to overcome when fortifying a beverage with dietary 
fi bre. The objective of adding fi bre into drinks is usually to improve the health 
positioning of a product and to make a product claim. Furthermore, when 
improving the health positioning, a reduction in the total level of sugars may 
also be an important objective. The challenge of adding fi bre into non- dairy- based 
beverage systems is born out of the nature of the drink formula. Overall, 
non- dairy beverages typically exhibit a very low viscosity, and have a low pH. 
Within the beverage matrix, fi bre addition can have a direct effect on the mouthfeel, 
texture and fl avour release of the product. The type of fi bre used to fortify non- 
dairy beverages must therefore be evaluated carefully to ensure that the desired 
texture and fl avour profi le are achieved or maintained. The fi bre source must 
also have adequate scientifi c substantiation to support its use and/or fulfi l the 
defi nition of fi bre that exists in the target geographical market. The scope of 
this chapter includes all non- dairy beverages, including carbonates, juices and 
nectars, fl avoured waters and powdered drinks. 
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   18.1.1  Rationale for adding dietary fi bre into beverages 
 Dietary fi bre is present naturally in many different foods, such as wholegrain 
cereals, fruits and vegetables, and as such consumers are familiar with these 
foods. Traditionally, processed foods containing high amounts of fi bre have been 
confi ned to products made from cereals such as breakfast cereals, rice and pasta. 
In addition to being high in fi bre, grains exhibit physical properties that are 
suitable for use in breakfast cereals, breads, cakes, pasta and other similar 
products, but are less suitable for fi bre fortifi cation in aqueous products such as 
non- dairy beverages. However, it is possible to create cereal drinks, but these 
should be considered as a separate type of drink rather than being seen as fi bre 
fortifi cation in existing drinks (Angelov  et al.  2006, Blandino  et al.  2003, Gupta 
 et al.  2010). 

 Today, with the extraction and manufacture of fi bre from alternative sources, 
the prospect of fortifying drinks has become a reality. In general, the physical 
properties of many modern fi bre ingredients are more suitable for use in aqueous 
systems such as beverages than traditional cereal- or fruit- based fi bres due to their 
higher solubility and clarity in solution. This change in ingredient technology 
means that beverages can now be a valid source of dietary fi bre. In a world where 
the consumption of manufactured beverages is high, adding dietary fi bre into 
beverages could be a realistic option for consumers to make up for the shortfall in 
dietary fi bre consumption and impact positively on their health (FSA 2008/9, 
Kendall  et al.  2010). Furthermore, the reduction in sugars within a beverage 
could offset the cost of fi bre addition and also further improve the health benefi ts 
of a drink. 

 There are many other important questions that should be asked when developing 
a product: what does this ingredient do, do consumers understand its benefi ts, 
does it fi t with the application (from a consumer perspective), and does the 
ingredient have the right technical properties to make it work – or how can I make 
it work?   

   18.2  Adding fi bres into drinks 
 Adding fi bre into drinks is becoming more commonplace due to the appearance of 
new soluble fi bre ingredients and the consumer benefi t that adding fi bre can bring. 
These new fi bres allow a nutritionally signifi cant amount of fi bre to be added to a 
drink without causing high viscosity, slimy or gritty textures, or signifi cant colour. 
Furthermore, due to the generally high solubility and dispersibility, there is no 
need for high shear equipment within the factory environment; simple mixing 
equipment is usually suffi cient. Adding fi bre into drinks can improve the 
nutritional profi le and reduce the sugar content of the product per serving. 
Furthermore, concentrated and processed juice products can have very low fi bre 
levels as a result of the processing, which largely removes the fi bre from the 
starting material; therefore fruit juices made from concentrate are particularly 
good candidates for fi bre fortifi cation. 
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   18.2.1  Aspects of formulating dietary fi bres into drinks 
 This section will discuss the details that need to be considered when adding fi bres 
into drinks. The intended characteristics of the fi nal product will help to determine 
which dietary fi bre is most suitable. The fi nal composition and, therefore, 
parameters for the drink have a direct impact on the texture and the stability. 
Process parameters such as homogenisation, heat treatment (time and temperature) 
and fi lling temperature also play a key role. The physical properties of the fi bres 
need to fi t with the proposed drink. The particle size, bulk density, particle shape, 
solubility, dispersibility and hygroscopicity are all important parameters to control 
in powdered drinks, whereas solubility, dispersibility, acid stability and clarity/
transparency are more important for ready-to-drink (RTD) formats. Furthermore, 
other properties such as digestive tolerance and nutritional composition are 
important factors that can determine consumer appeal and therefore the choice of 
fi bre to fortify with. These aspects will be discussed below. 

  Physical properties 
 As introduced above, the physical properties of interest to the product developer 
will depend upon the format of the fi nished drink, with different considerations 
for RTD and powdered formats. These parameters can have a signifi cant effect on 
the manufacturing process, the textural properties, fi nal mouthfeel, fl avour and 
appearance of the beverage. For beverages, it is preferable to add easily dispersible, 
soluble ingredients that require little or no additional processing. When adding less 
soluble ingredients, the particles need to be stabilised properly to avoid the perception 
of fl oury or grainy textures. Ingredients that cause colouration or cloudiness are 
more suitable for opaque beverages such as dairy beverages, cloudy fruit- based 
drinks, smoothies, or those containing a cloud. Ingredients that impart high viscosity 
at low usage levels are somewhat limited in their use as a sole dietary fi bre ingredient. 
Ingredients that have high viscosity in solution tend to be gums and are typically 
used to stabilise and/or modify the mouthfeel of beverages. For example, guar gum, 
pectin, xanthan and cellulose gum can be used in this way. The high viscosity of 
gums prevents their use as a sole dietary fi bre ingredient as they cannot be added in 
suffi cient quantity to enable a claim. For example, typical use levels of gums are 
between 0.05 and 0.3%; in a 250 ml drink, this equates to approximately between 
0.125 g and 0.75 g in the drink. To enable a claim, at least 2.5 g per serving is required 
in the USA or 3 g/100 g in the European Union (EU; EC 2006). For powder systems, 
it is preferable to add ingredients together that are well matched for particle size/
shape and bulk density in order to prevent de- blending once mixed. Furthermore, 
ingredients that are non- hygroscopic improve the blending properties and shelf life 
and do not limit the choice of packaging options available. Lastly, it is important that 
the fi bre ingredient can rapidly solubilise under the poor mixing conditions that are 
found within the consumption (home) environment.  

  Stability 
 The stability requirements for the beverage manufacturer are specifi c to each 
manufacturer and will depend on the quality of the ingredients used, the process 
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and the shelf life of the intended product. For RTD beverages, instability in acidic 
conditions can result in hydrolysis of the fi bre ingredient. The result is dependent 
on the source of dietary fi bre; however, a dramatic loss in fi bre content can result 
in the drink not fulfi lling its nutritional panel or product claim throughout its 
intended shelf life. Any instability in a fi nal product is undesirable and may cause 
other physical changes to the drink, such as increased sweetness level over time 
to a level not intended by the product developer, loss of mouthfeel, loss of 
stabilisation, loss of texture, increase in colouration or precipitation of the fi bre, to 
mention a few. This, as you might expect, means a reduction in the amount of 
dietary fi bre polymer present in the beverage, which has regulatory implications 
if a claim is being made. This loss can be reduced by modifying the manufacturing 
process, formulation, storage conditions and/or the intended shelf life. For 
powdered beverages, the issue of stability raises different questions. It is less 
related to acid stability over time but more related to hygroscopicity and the water 
activity (Aw) of individual ingredients. One result of increasing moisture levels is 
caking, reducing product fl ow/spoonability and so resulting in poor product 
performance.  

  Digestive tolerance 
 Digestive tolerance is a complex and important issue to consider when formulating 
a beverage in particular, due to the potential volume and speed of consumption 
that is possible. This is of course dependent on the actual product matrix, its 
viscosity, drinking occasion, price and marketing angle, but, nevertheless, a 
beverage has the potential to be consumed in fairly large quantities, very quickly, 
putting the consumers at risk of overconsumption. Although it is true that 
individuals consume fi bre to improve digestive health, undesirable consequences 
of this will not be accepted. Factors that affect the digestion of a product include 
the physical properties of dietary fi bre, such as particle size, viscosity, solubility, 
and so on (Guillon and Champ 2000). However, there are also other factors to 
take into to account: the dose in the product, the drink matrix, time taken for 
consumption, consumption frequency, whether or not the drink is consumed with 
other food, and individual sensitivities (Marteau and Flourie 2001). Furthermore, 
undesirable consequences of consuming too much dietary fi bre include laxation 
and gastrointestinal (GI) effects, including abdominal discomfort, fl atus, and 
diarrhoea, especially at higher or excessive intakes (Grabitske and Slavin 2008). 
However, the point of ‘unacceptability’ is very individual and therefore diffi cult 
to defi ne. This subjectivity makes an acceptable dose diffi cult to evaluate 
(Roberfroid and Slavin 2000). It is important to note that there is usually a 
period of adjustment when ingesting new foods and ingredients and so 
tolerance usually improves over time, especially when dealing with low digestible 
carbohydrates. Such responses, though transient, affect the perception of the 
well- being of consumers and their acceptance of food products containing 
low digestable carbohydrates (LDCs) (Grabitske and Slavin 2008). In the 
following section, individual fi bre ingredients will be discussed in relation to 
this topic.    
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   18.3   Types of fi bres suitable for fortifying non- dairy drinks: 
gums and beta- glucans 

 The physical properties of a fi bre ingredient determine its suitability for easy 
addition into beverages. Some fi bre ingredients can add texture and colour as well 
as fi bre, while others are virtually undetectable at reasonably high doses. For high 
quality drinks and ease of addition, low viscosity functional fi bre ingredients such 
as inulin, fructo- oligosaccharides, polydextrose, partially hydrolysed guar gum 
(PHGG) and resistant maltodextrins are most suitable. 

 The following fi bre ingredients will be discussed further in this chapter:

   •   Acacia gum (Gum arabic)  
  •   Cereal  β -glucans  
  •   Partially hydrolysed guar gum (PHGG)  
  •   Inulin and fructo- oligosaccharides  
  •   Polydextrose  
  •   Resistant maltodextrins.    

   18.3.1  Acacia gum (Gum arabic) 
 Acacia gum or gum arabic is the natural resin released by various species of acacia 
tree. Acacia gum is a very complex, highly branched polysaccharide containing a 
mix of salts, protein and sugars (mainly galactose) (Anderson  et al.  1990). It is 
this complexity that enables its use as a dietary fi bre in beverages and is responsible 
for its stability in acid conditions. Acacia gum also has emulsifi cation properties 
which enable its use as an emulsifi er in the production of fl avour oils for application 
in soft drinks. The fi bre content of acacia gum is between 80% and 90% w/w 
(dependent on local legislation). 

  Solubility 
 Acacia gum is soluble in cold water (up to 43–48% v/v) but it is not soluble in 
ethanol. Acacia gum dissolves easily in cold water at low doses but requires 
higher shear at higher doses to enable complete dissolution. Solutions made 
with acacia gum do not require any pre- mixing with sucrose or other powder 
ingredients to facilitate hydration; however, when making a high dose solution 
(40%) or when using a granulated product, hydration for some hours may be 
necessary. Solutions made with standard acacia gum are not completely 
transparent, although recent advances have meant that clear versions of acacia 
gum are now available.  

  Viscosity 
 Acacia gum has a very low viscosity at high concentrations. At 40% w/w, with an 
average viscosity of 1000 mPa.s, solutions containing acacia gum show Newtonian 
behaviour (Williams and Phillips 2000). At low concentrations, acacia gum 
provides mouthfeel but has a very low viscosity that is diffi cult to measure (30% 
of acacia gum has lower viscosity than 1% of CMC at low shear rates) (Phillips 
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and Williams 2000). Furthermore, a reduction in viscosity is seen at low pH due 
to the dissociation of carboxyl groups (Williams and Phillips 2009).  

  Stability 
 Acacia gum is stable at the low pHs that are required for non- dairy beverages, 
with no fl occulation or colour formation over time (Williams and Phillips 
2009).  

  Sensory properties 
 The fl avour of acacia gum is minimal and considered to be bland at typical fi bre 
claim usage levels (range of 1.5–6 g dependent on geographical location and 
legislation). Gum acacia has mouthfeel effects without masking the fl avour release 
of drinks. Drinks containing acacia gum at fi bre usage levels also have a good 
fl avour release. As the sensory effects are minimal, acacia gum is suitable for fi bre 
fortifi cation in a variety of beverage products.  

  Tolerance 
 The acceptable toleration level for acacia gum is 50 g/day. The effects of increasing 
doses were monitored for frequency and severity of GI symptoms (Cherbut  et al.  
2003). Signs of fl atulence began at doses higher than 50 g/day (Cherbut  et al.  
2003). The highly branched structure of acacia gum results in slow fermentation 
rates and good toleration. Acacia gum is fermented in the large intestine by the 
colonic microfl ora (Phillips 1998), providing energy for the colonocytes. Although 
acacia gum is highly fermentable by colonic bacteria, fermentation occurs slowly 
and progressively along the length of the colon. This is signifi cant because the 
speed of fermentation is considered to be a factor in the ability to tolerate 
ingredients. Slow progressive fermentation rates are associated with low incidence 
of GI symptoms, as gas production occurs more slowly (Cherbut  et al.  2003). Fast 
fermentation rates are associated with rapid gas production and, therefore, have 
greater potential to produce GI symptoms.   

   18.3.2  Cereal  β -glucans 
  β -Glucans, although present in many cereals, such as wheat, rye, barley and oats, 
are usually only commercially available from oat or barley. This is due to the fact 
that oats and barley contain signifi cant amounts of  β -glucan. There are extracts of 
both oats and barley which can be used in beverage formulations today. The 
physical properties of  β -glucans, such as solubility and rheological behaviour in 
solution, are controlled by the molecular structure, which in turn is responsible for 
the technological features and possibilities of the  β -glucan ingredient. 

  β -Glucan is a linear polysaccharide composed of  β  1-3 and  β  1-4 linked 
glucosidyl subunits.  β  1-3 links occur singly, linking together  β  1-4 linked 
oligosaccharidyl subunits. Structurally related mixed linkage  β - D -glucans 
differ in the ratio of tri- and tetrasaccharidyl residues: for  β -glucan of oats this is 
2.1–2.4, for barley 2.8–3.3 and for wheat 3.0–3.8 (Wood  et al . 1991). Ingredients 
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available commercially vary greatly from each other in terms of  β -glucan content, 
viscosity, fl avour and residual materials. 

  Solubility 
 The solubility of  β -glucan depends on the molecular weight fraction and 
concentration. High molecular weight  β -glucans tend to be more diffi cult to 
dissolve in water even for concentrations below 0.5% (Morgan 2000). Furthermore, 
the reduced solubility of high molecular weight  β -glucans has been attributed to 
higher ratios of cellotriosyl/cellotetraosyl units (Skendi  et al.  2003). Low 
molecular weight  β -glucan is more soluble and is cloudy in solution. Dispersion 
of low molecular weight  β -glucan is best carried out under high shear and at high 
(85°C) temperatures to enable full hydration.  

  Viscosity 
 The aqueous solution properties of  β -glucan are dependent on molecular weight, 
structure and concentration (Wood 2002), and appear to be complex.  β -Glucans 
with higher molecular weight form more viscous solutions than those with a lower 
molecular weight at a given concentration (Doublier and Wood 1995).  β -Glucan 
derived from either oat or barley has a high viscosity in solution due in part to the 
other viscous materials present within the ingredient. The reported intrinsic or 
limiting viscosity values for cereal  β -glucans vary between 0.28 and 9.6 dl/g, 
depending largely on the molecular weights of the isolated polysaccharides 
(Lazaridou, and Biliaderis 2007). 

 Due to this property, the particular drink chosen to fortify has to be selected 
carefully to avoid negative consumer opinion. High doses of  β -glucan in drinks 
appear to have a deleterious effect upon mouthfeel and fl avour profi le (Lyly  et al.  
2007).  

  Stability 
 It is reported that there is some hydrolysis of  β -glucan in model beverage systems, 
causing a decrease in viscosity over time (Kivela  et al.  2009). During typical 
pasteurisation conditions (90°C, 5 minutes) of fruit and tomato juice fortifi ed 
with  β -glucan, it was noticed that a reduction in viscosity occurred. This was 
thought to be due to acid hydrolysis (Vaikousi and Biliaderis 2005). The effects of 
acid hydrolysis were dependent on pH, temperature and time, and were more 
pronounced for high molecular weight isolate than for low molecular weight 
isolate, indicating that differences in the fl ow behaviour of liquid products 
containing  β -glucans of different molecular size may occur under different 
processing and formulation protocols. Furthermore, food processing and 
storage can alter the solubility and, thereby, the availability of  β -glucans 
(Beer  et al.  1991, Brummer  et al.  2006). Furthermore, there are reports of the 
molecular weight decreasing in typical beverage manufacturing processes (Aman 
 et al.  2004). 

 High- pressure homogenisation has also been reported to strongly affect the 
solution properties of  β -glucan extracts (Kivela  et al.  2010). With the reduction in 
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viscosity, the fl ow properties also were affected and changed from shear thinning 
to Newtonian. This indicated that the concentration was reached as a result of the 
decreased size of  β -glucan molecules. In addition, the viscosity of the homogenised 
solutions did not increase over the shelf life and remained more stable compared 
with the untreated solutions. The improved stability during storage is likely to be 
due to the enhanced dispersibility of smaller and uniform molecules or molecule 
aggregates, which may slow down the reaggregation and fl occulation process 
(Kivela  et al.  2010).  

  Organoleptic properties 
 Due to its highly viscous nature,  β -glucan from barley or oats contributes to a 
full- bodied mouthfeel when added at doses of 0.5–0.7% (Temelli  et al.  2004). 
At a higher dose of 1%, beverages were perceived to be thicker, more grainy 
and slimy when compared with those without addition of  β -glucan, and these 
attributes strongly affected the likability (Lyly  et al.  2007). Although  β -glucan 
has very little inherent sweetness, it has a tendency to impart cereal notes 
within a beverage. This is dose and supplier dependent, with higher doses 
giving more cereal notes, and different brands giving different fl avour profi les. 
Lyly  et al.  (2007) reported that beverages fortifi ed with 1%  β -glucan were found 
to contain more rancid notes, less fl avour and acid notes compared with the 
control (no  β -glucan) sample. On the other hand, Temelli  et al.  (2004) found 
that orange-fl avoured beverages fortifi ed with 0.3–0.7% barley  β -glucan 
were not perceived to be signifi cantly different in some attributes, including 
fruity orange aroma and peely fl avour, when compared with pectin-thickened 
drinks. However, other attributes, such as the perception of acid, were 
decreased by the addition of 0.7%  β -glucan, suggesting a dose-dependent sensory 
effect.   

   18.3.3  Guar gum derivatives 
 Guar gum is a galactomannan extracted from the endosperm of the guar plant 
( Cyamopsis tetragonoloba ). Guar gum consists of a linear chain of mannose units 
linked by 1-4  β - D  glycosidic bonds which have (statistically) a 1.6-bound galactose 
unit forming a side branch on every two mannose units. Due to this chemical 
structure, guar gum is cold water soluble. It is used as a pure thickener, with the 
main functionality of providing (or contributing to) viscosity and mouthfeel. 
Due to the high molecular weight of guar gum, the dose applied in drinks is very 
low, typically 0.05% to 0.1%, which achieves a viscous, smooth, mouth- coating 
effect. This effi cient thickening property is desirable for thickening purposes; 
however, the ability to provide such effi cient viscosity limits its use as a dietary 
fi bre ingredient. 

 PHGG is an enzymatically hydrolysed guar gum product. Controlled enzyme 
hydrolysis of guar gum is an effective way to produce smaller chain lengths 
to reduce the viscosity, improve clarity and enable use of guar at higher dose 
levels. Therefore it optimises the use of guar gum for use as a dietary fi bre 
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in beverages. Despite the reduction in molecular weight during enzyme 
hydrolysis, the PHGG molecule is found to have the same chemical structure 
as native guar gum (Yoon  et al.  2008). Dose levels up to 10% w/w are possible, 
and this enables a fi bre when using PHGG. Even though the gum has been 
hydrolysed, it still is permitted as fi bre for use within foods and drinks. PHGG 
has a fi bre content of approx. 80–85% w/w; however, this is very dependent on 
the supplier. 

  Solubility 
 The physical properties of PHGG vary depending on grade and supplier. The 
degree and sites of hydrolysis determine the physical properties; however, PHGG, 
like guar gum, is cold water soluble. The main advantage of PHGG over native 
guar gum is the signifi cantly decreased viscosity and improved solubility, which 
enable incorporation into beverages at higher levels (Yoon  et al.  2008). 
Agglomerated versions of PHGG are available and allow instant use, such as in 
powdered drinks.  

  Viscosity 
 The viscosity of 5% PHGG is reported to be approximately 10.5 m.Pas.  

  Stability 
 The acid stability of PHGG is reported to be good and similar to standard guar 
products. Acid stability between pH 3 and 7 is reported to be good (Yoon  et al.  
2008). Use in powdered products is also possible as PHGG is not especially 
hygroscopic in nature.  

  Sensory properties 
 Native guar has beany notes that are detectable at relatively low doses in 
unfl avoured drinks. However, PHGG is considered to be neutral tasting at low 
levels (5–10% w/w) (Greenberg  et al.  1998). The degree of neutrality is rather 
dependent on the manufacturing process, and so differs between suppliers. 
Furthermore, PHGG is transparent in solution at 5% w/w. Therefore, it can be 
determined that PHGG is suitable for fortifying a wide range of beverages, 
including fruit juices, near waters and concentrates.  

  Tolerance 
 PHGG is considered to be well tolerated at relatively low doses. Consumption 
levels of approximately 20 g/day were well tolerated without adverse side effects 
when administered in humans over a period of 18 days or 4 weeks, respectively 
(Meier  et al.  1993, Takahashi  et al.  1993). PHGG is not digested in the small 
intestine by mammalian enzymes, but is readily and completely fermented in 
the colon by intestinal microfl ora (Balascio  et al.  1981) which results in the 
increase of bacterial counts of benefi cial  Bifi dobacteria  spp. and  Lactobacillus  
spp. (Okubo  et al.  1994).    
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   18.4   Types of fi bres suitable for fortifying non- dairy drinks: 
fructans and glucose products 

   18.4.1  Fructo- oligosaccharides and inulin 
 Inulin and fructo- oligosaccharides (FOS) will be discussed together as they 
are related products based on fructose, collectively known as ‘fructans’. Inulin 
is a linear molecule consisting of approx. 3–60 fructose units linked by  β  (2-1) 
bonds (Meyer 2009). FOS has 3–7 units of fructose and is either produced 
from controlled hydrolysis of inulin or synthesised from sucrose by the 
trans fructosylating action of fungal fructofuranosidase (Tungland 2003). Inulin is 
found naturally in many fruits and vegetables such as bananas, artichokes and 
chicory. There are numerous commercial variants of inulin and FOS from a range 
of suppliers, differing with respect to chemical composition, sugar content, form 
and average degree of polymerisation (DP). 

  Solubility 
 There are many different inulin and FOS products available with different DP 
profi les that are suitable for different applications. Products with higher DP values 
tend to have lower solubility in water than those with lower DP. Higher DP inulin 
is more suited to beverages requiring weak gel structures, such as milk- based 
drinks and yogurt drinks. If they are used in water- based drinks there is a tendency 
for precipitation to form over time, especially when stored at low temperatures 
(5°C). Shorter chain inulin (approx. 10 DP) is suitable for aqueous beverages such 
as near water drinks. Some grades impart a mild yellow colour which at low fi bre 
doses is almost imperceptible; however, transparent grades are also available. All 
FOS products are suitable for beverages due to the lower DP content, which 
results in a higher solubility. The dispersibility of powdered inulin and FOS is 
good and can be likened to the addition of crystalline sugar with respect to the 
ease of dissolution and the time taken for complete dissolution in aqueous 
solutions. Liquid products pose no dissolution problems. FOS is very soluble up 
to 80% w/w and is also available in liquid format (Meyer 2009). It, too, can have 
a very slight yellow colour in solution but is also available in transparent versions, 
so it can be used in a wide range of beverages.  

  Viscosity 
 The addition of inulin or fructo- oligosaccharides into a non- dairy beverage system 
does not provide a large increase in viscosity. According to Meyer (2009), a 20% 
solution of inulin has a viscosity of approximately 4.5 mPa.s at 20°C.  

  Stability 
 Inulin and FOS are relatively heat and process stable under normal beverage 
processing conditions. However, loss during processing can occur if high 
temperatures, combined with low pH and/or long processing times, are employed 
(Klewicki 2007). At low pH values associated with soft drinks (3.0–4.0), inulin 
and FOS products have a tendency to be susceptible to acid hydrolysis and may 
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break down to fructose during shelf life (Klewicki 2007). At higher pH levels 
there is little breakdown to fructose. Meyer (2009) states that above pH 4.0 there 
is little breakdown of inulin. The degree of hydrolysis will depend on pasteurisation 
time and temperature. However, despite this it is still possible to formulate using 
inulin and FOS in soft drinks. Care must be taken to select the appropriate heating 
regime, product type, pH and shelf life to maximise the effi ciency of inulin and 
FOS within the drink. There are no issues with adding inulin and FOS into drinks 
with pH above 4.0, and as such these are a popular choice for dairy-based drinks. 
Inulin and FOS can be added to acidic drinks such as premium refrigerated juices, 
despite the high acidity, as they have a relatively short shelf life. Furthermore, 
fl avoured waters are also a good vehicle for these products. Inulin and FOS exhibit 
moderate to low hygroscopicity, and are therefore suitable for powdered drinks 
using both bulk containers and individual sachets.  

  Sensory properties 
 Inulin is slightly sweet and has a bland taste without any noticeable aftertaste. It can 
be added into beverages at relatively high levels, with limited changes in product 
attributes. Slight mouthfeel or body can be felt at 3–6% and it can be used to replace 
the mouthfeel and/or body lost with the reduction of sugars (Weidman and Jager 
1997). However, it would be necessary to combine inulin with a bulk or high- 
potency sweetener to add suffi cient sweetness to a beverage system. The sweetness 
value assigned to FOS depends on the commercial product in use. Sweetness can 
vary between 0.3 and 0.65 (dependent on grade), as a function of the sugars present 
(Weidman  et al.  1997). When used in combination with high-potency sweeteners, 
it can modify the fl avour profi le to become more ‘sucrose- like’ and enhances fruit 
fl avours similarly to fructose. Furthermore, FOS has been shown to mask the 
aftertaste of aspartame and acesulfame K, as well as providing a well- rounded 
fl avour profi le (Weidman and Jager 1997). Both inulin and FOS are suitable for use 
in a wide range of drinks, and are a popular choice for fi bre fortifi cation.  

  Tolerance 
 The process of digestion of inulin and FOS has been very well studied. They are 
well tolerated at doses around 20 g/day with only minor digestive complaints. 
This is supported by other studies conducted by Van Dokkum  et al.  (1999) 
and Ellegaard  et al.  (1997), which found that doses of 15–17g /day were 
well tolerated, whereas Bonnema  et al.  (2010) found that up to 10 g/day of 
native inulin and 5 g/day of FOS are well tolerated in healthy individuals, with 
higher doses substantially increasing GI symptoms. It has been established that 
doses higher than 20 g/day may result in GI symptoms such as fl atulence, cramps 
and even diarrhoea, although these symptoms are transient and tend to reduce 
with a period of adjustment (Grabitske and Slavin 2009). Both inulin and FOS are 
completely fermented within the colon and in particular within the proximal colon 
shortly after entering. Furthermore, inulin and FOS have both been shown to 
stimulate  Bifi dobacteria  spp., and so conform to the defi nition of a prebiotic 
(Bouhnik  et al.  2007). Stimulation of bifi dobacteria has been shown at doses of 
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between 2.5 and 15 g/day (Wang and Gibson 1993, Van Dokkum  et al.  1999, 
Bouhnik  et al.  2007).   

   18.4.2  Polydextrose 
 Polydextrose is a low molecular weight polymer of glucose. Polydextrose is 
manufactured by bulk melt polycondensation of glucose and sorbitol in 
conjunction with small amounts of acid. It is a randomly bonded polysaccharide 
(of glucose) with all possible glycosidic linkages present. However,  α  and  β  1,6 
bonds predominate, resulting in a highly stable ingredient. It has an average DP of 
12 and an average molecular weight of 2000 (with a range between 162 and 
approx. 20 000). Polydextrose was originally developed as a low calorie bulking 
agent, with the purpose of aiding the replacement of sugar in a variety of foods, 
but due to its indigestibility in the small intestine and incomplete fermentation in 
the large intestine it has also been recognised as a source of dietary fi bre where the 
defi nition or legislation is based on physical effects or chemical composition (for 
example, in the EU). Polydextrose is, therefore, gaining popularity as a dietary 
fi bre ingredient in a wide range of applications in many countries worldwide. 
Studies have shown that polydextrose has many of the features of dietary fi bre, 
such as regularisation of bowel function, normalisation of blood lipid 
concentrations, and blood glucose attenuation (Jie  et al.  2000, Vasankari and 
Ahotupa 2005, Foster-Powell  et al.  2002, respectively). Studies have demonstrated 
increased faecal bulking and softening, decreased colonic pH and positive results 
on the colonic microfl ora (Jie  et al. , 2000). Polydextrose has a calorie content of 
1 kcal/g (4 kJ/g). 

  Solubility 
 Polydextrose is an amorphous ingredient and is highly soluble. Clear solutions of 
more than 80% w/w can be produced at 25°C in water (Allingham 1982). 
Polydextrose has good dispersibility and dissolution properties. Pre- blending 
with other ingredients (such as sugars) can improve dispersibility in poor mixing 
conditions, as in powdered drinks. As with many ingredients, good mechanical 
mixing is required to prepare concentrated solutions. Granulated polydextrose 
offers high dispersibility with minimum dusting.  

  Viscosity 
 Polydextrose solutions behave as a Newtonian fl uid. A 70% solution of 
polydextrose at 25°C measures approximately 1800 cps (Auerbach  et al.  2006). 
At this level (70% w/w), polydextrose solution has a higher viscosity than 
sucrose solution or high fructose corn syrup (HFCS) at similar concentrations. 
Despite the high viscosity elicited at 70% w/w, at typical beverage usage levels 
(1–5% RTD) polydextrose does not provide signifi cant viscosity. However, it 
does contribute to the mouthfeel of the drink. This enables polydextrose to be 
used effectively to help retain mouthfeel in reduced-sugar, low-sugar and 
sugar- free beverages.  
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  Stability 
 Polydextrose is very stable in solution as it is a complex branched molecule and 
contains a wide range of glycosidic bonds which are resistant to acid hydrolysis. 
Polydextrose contains predominantly 1-6 glycosidic bonds, which are two to four 
times more resistant to acid hydrolysis than 1-2, 1-3 or 1-4 bonds. Furthermore, 
the highly branched, complex, three- dimensional shape contributes to its acid 
stability and resistance to fermentation. Studies of model beverage systems 
containing polydextrose have shown resistance to hydrolysis over a broad 
range of pH and temperatures (Beer  et al.  1991). Polydextrose has been shown 
to be stable throughout typical beverage process and storage conditions at pH 3 
and 7 (Beer  et al.  1991). Polydextrose is hygroscopic in nature and so care must 
be taken when using in powdered drinks. Use of fl ow agents and moisture 
absorbers limits caking; however, good packaging is necessary to prolong shelf 
life. Individual sachets are a good option when using polydextrose in powdered 
products. Furthermore, spray drying technology can enhance the shelf life of 
powdered products using polydextrose.  

  Sensory properties 
 Polydextrose has very little sweetness, with a relative sweetness of 0.15 compared 
with sucrose at 1. Polydextrose is very neutral in fl avour and can be described as 
having little fl avour of its own; however, in its most basic forms it can be described 
as mildly acidic. As described above, polydextrose can be used to provide the bulk 
and mouthfeel often lost with the removal of sugars as well as for fi bre fortifi cation. 
Furthermore, polydextrose can improve the fl avour of beverages containing high- 
potency sweeteners by reducing bitter, acidic and metallic fl avour notes and 
providing a more rounded sugar fl avour. However, it may be necessary to combine 
polydextrose with a bulk or high-potency sweetener to achieve the desired 
sweetness in a beverage system. There are different grades to choose from which 
are suitable for different beverage applications. 

 As discussed above, polydextrose is an extremely fl exible ingredient that can 
be used in a variety of beverages, including carbonated and non- carbonated, 
concentrated and RTD, and hot or cold beverages. Examples include juices, fruit 
and/or vegetable juice drinks, smoothies, meal replacements, milk, dairy and soy- 
based drinks, sport and energy drinks, tea and coffee, and near waters.  

  Tolerance 
 Extensive clinical studies have been carried out on polydextrose to evaluate GI 
toleration. These studies concluded that polydextrose is extremely well tolerated 
due to its high molecular weight, low osmotic potential and slow progressive 
fermentation rate. Flood  et al.  (2004) demonstrated that the mean laxative 
threshold for polydextrose is 90 g/day, or 50 g in a single dose. The fermentation 
profi le of polydextrose has shown that fermentation takes place along the entire 
length of the colon, resulting in benefi cial effects for the entire colon. Slow 
progressive fermentation rates are associated with reduced risk of GI effects such 
as bloating, wind and abdominal pain. Furthermore, studies have shown that 
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polydextrose also exhibits prebiotic properties. Enhanced bifi dobacteria and 
lactobacillus counts were demonstrated with the consumption of polydextrose at 
doses as low as 4 or 5 g/day (Jie  et al.  2000, Tiihonen  et al.  2008).   

   18.4.3  Resistant maltodextrins 
 Resistant starches (RS) are the starch fractions not digested in the small intestine 
in healthy individuals, due to inaccessibility of starch to digestive enzymes. They 
can be classifi ed into four types – RS I, RS II, RS III and RS IV – and are classifi ed 
in this way on the basis of their resistance to digestion. It has to be noted 
that, while most grades of RS are not readily soluble in water, solutions of 
RS IVs can easily be prepared. This section will therefore limit itself to discussing 
RS IV; that is, chemically modifi ed cross- linked starch, otherwise known as 
‘resistant maltodextrins’. RS IVs have resistant linkages ( α 1-4, and  α 1-6) and 
are similar in functional properties to polydextrose and oligosaccharides (Kim 
 et al.  2008). 

  Solubility 
 Resistant maltodextrins are readily soluble in water and are suitable for many 
types of beverages, including RTD, dry mixes and spray- dried powders.  

  Viscosity 
 The viscosity of resistant maltodextrins is low and similar to other functional fi bre 
sources. Addition for mouthfeel and/or body is possible, and, similarly to other 
fi bres discussed in previous sections, they can replace the mouthfeel and body of 
sugars.  

  Stability 
 Resistant maltodextrins as a group are resistant to high processing temperatures. 
High temperature processes such as sterilisation, retort and pasteurisation can be 
performed with minimal degradation. Resistant maltodextrins are stable to acidic 
conditions and do not show signs of hydrolysis (retrogradation) or haze over long 
storage times.  

  Organoleptic properties 
 Resistant maltodextrins have very low sweetness levels and can be considered 
essentially non- sweet. However, it has been reported that they have some fl avour 
and mouthfeel modifi cation properties.  

  Tolerance 
 Resistant maltodextrins are generally well tolerated. Studies have shown resistant 
maltodextrins to be well tolerated between 25 g and 45 g/day due to their high 
molecular weight and slow and progressive digestion (Van den Heuvel  et al.  
2004). The amount of RS that is absorbed in the small intestine and subsequently 
fermented depends on the chemical structure, as does the fermentation profi le. 
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Some ingredients have fermentation up to 75% (Van den Heuvel  et al.  2004) and 
others have approx. 50% fermentation (Ohkuma and Wakabayashi 2001). Studies 
also indicate that resistant maltodextrins have prebiotic effects with increased 
lactobacilli and bifi dobacteria that are dose-dependent (Lefranc-Millot  et al.  
2006, Ohkuma and Wakabayashi 2001).    

   18.5  Typical beverage formulations containing fi bre 
 As discussed in the sections above, adding fi bre into non- dairy beverages can be 
very straightforward when using suitable fi bres with high solubility and 
dispersibility. Formulations made with the suggested fi bre sources are easy to 
incorporate within already existing processes. Some of these fi bres are supplied in 
solutions/syrups that can be pumped and therefore easily incorporated. Some, 
however, require dissolution to enable usage.  Table 18.1  contains a typical 
formulation for a juice drink containing 10% juice content. The exact level of 
fi bre addition will depend on the type of fi bre being added and the fi bre content of 
the ingredient used, as well as the target.  Table 18.2  contains a suggestion for a 
fl avoured water formulation. The level of fi bre added is lower than for juices, due 
to the bottle size being larger than for juices, typically 330 ml to 500 ml. The 
content of fi bre in the example formulation is 6 g per 330 ml bottle and 9.2 g for a 
500 ml bottle (for ingredients containing 80% of fi bre). For ingredients containing 
more than 80% fi bre, a reduction in dose will be needed to achieve the same target 
levels.  Table 18.3  gives an example of a powdered drink formulation. The addition 

    Table 18.1     Example of a juice drink (15% juice) containing fi bre  

 Ingredients  Percentage 

 Sucrose  8.0 
 Juice concentrate, tropical (55 brix)  2.1 
 Citric acid powder (anhydrous)  0.15 
 Fibre source (85% fi bre)  3.75 
 Grindsted® JU 501 (Danisco)  0.1 
 Potassium sorbate  0.03 
 Colour  q.s. 
 Flavour  q.s. 
 Water  85.87 

   Process   
 Dissolve preservatives in the water.  
  Blend the sugar and stabiliser and add to hot water (approx. 85°C) under 

high shear mixing.  
  Once hydrated, dissolve the fi bre source.  
  Add fruit concentrate using high shear mixer.  
  Add citric acid, colour and fl avour.  
  Heat treatment: pasteurise at 90°C / 30 s.  
  Fill into bottles as required.     
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level of fi bre per kg within the mix is considerably higher, as the desired parameter 
is dose per serving size or 100 ml in a RTD format. 

    18.6  Troubleshooting 
 Adding fi bre into non- dairy beverages can be very straightforward when using 
suitable fi bres with high solubility and dispersibility, and there should be only 
limited ingredient interactions as these fi bres are all relatively stable and non- 
reactive. However, typical issues for all drinks are often a problem for fi bre- 
enriched drinks as well. Common issues can include foaming on mixing, fobbing 
when carbonating, sedimentation/fl occulation and colouration over time. 
Reducing the occurrence of these issues is largely solved by selecting the 
appropriate fi bre source for the chosen drink, potentially through a process of trial 
and error.  

   18.7  Future trends 
 Recent trends have seen a move towards more natural formulations and products 
with as clean a label as possible over the food industry as a whole, and also within 

    Table 18.2     Example of water with fi bre  

 Ingredients  Percentage 

 Litesse® Ultra (Danisco)   2.3 
 Water  97.7 

   Process   
 Add Litesse® Ultra™ under good mixing conditions.   
 Pasteurise 105°C, 10 seconds.   
 Aseptic fi ll.     

    Table 18.3     Powdered mix containing fi bre  

 Ingredients  Percentage 

 Sucrose (instant)  63.77 
 Fibre source  35.17 
 Citric acid   1.00 
 Tri- sodium citrate  0.06 
 Colour  q.s. 
 Flavour (strawberry)  q.s. 

   Process  
  Dry blend all ingredients.  
  Package into 20 g portions.  
  To reconstitute add 20 g mix into 200 ml water.     
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the non- dairy beverage category. Coupled with rising health problems associated 
with overconsumption and inadequate consumption of particular nutrients, it 
could be expected that there will be an increase in healthier, better-for-you drinks 
utilising natural sources of dietary fi bres. These sources of dietary fi bre should 
be able to perform well from a technical perspective as well as from a health 
benefi ts perspective. Furthermore, there are possibilities that these functional 
ingredients could even be developed  in situ  inside the drink, without the need for 
ingredient addition.   
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 Fibre-enriched snack foods  
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  Abstract:  This chapter investigates the health benefi ts of whole grains in the production 
of ready- to-eat expanded snacks. Extrusion technology is a popular and widely used 
continuous food processing technique that presents a great opportunity to produce 
ready- to-eat snacks with improved nutritional qualities. The incorporation of whole 
grains into expanded products has a benefi cial effect in terms of dietary fi bre, proteins, 
phytochemicals and vitamins, but it can also affect the physicochemical characteristics of 
the fi nal product. Depending on the type of grain used, the product formulation and the 
extrusion conditions, considerable degradation could occur in terms of sensory appeal. 
Extrusion technology provides several ways in which these challenges can be overcome, 
by controlling extrusion conditions such as temperature, solid feed rate and screw speed 
combinations, and these will be discussed in this chapter.  

   Key words:    whole grains, dietary fi bre, ready- to-eat snacks, extrusion technology.   

    19.1  Introduction 
   19.1.1  Health benefi ts of consuming ready- to-eat snacks 
 Production of food snacks is increasing, and a variety of products are available to 
consumers. Cooke (2002) reports that, because consumers are showing an increasing 
preference towards snacking, over the past few years the market for savoury snacks 
has grown at a rate of 2–3% each year, and has increased in value as well as size. In 
2001, £2.4 billion worth of savoury snacks were sold in the UK, amounting to 
5.8 kg per person, or 344 000 tonnes in total (Huxley, 2003). According to Cooke 
(2002), cited by Huxley (2003), 344 000 tonnes of savoury snacks worth £2.4 
billion were sold in the UK in 2001, which is equivalent to 5.8 kg snacks per person. 

 As people’s lives become busier there is an increasing demand for tasty 
nutritious meals and snacks that can be eaten ‘on the go’. Furthermore, snacks can 
be taken as a substitute for breakfast or between two main meals; therefore, good 
nutritional characteristics are essential. There is evidence to suggest that eating 
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smaller, more frequent meals can lead to better weight, blood sugar and cholesterol 
control (Fabry and Tepperman, 1970) and improve the memory of school- aged 
children (Kurpad  et al. , 2007). 

 The role of whole grain in increasing dietary fi bre of ready- to-eat snacks is 
very well known. There are several types of technology that can be used, varying 
from the very basic, such as deep- frying (potato chips) or baking (different types 
of cakes, snacks and pizza), to drying (dried fruits) or extrusion technology 
(breakfast cereals and ready- to eat snacks). 

 In people aged 4–18 years living in Great Britain, breakfast cereals are the main 
source of whole grain intake, followed by bread, biscuits, pasta, rice, pizza, buns, 
cakes and pastries (Thane  et al. , 2005). The dietary guideline for increasing the 
consumption of wholemeal cereal products presents a great opportunity to avoid too 
much fat and sugar, as appropriate to the main- meal-based consumption prototype, 
since snacks differ from meals in consisting of more carbohydrates and less fat and 
protein (Bellisle  et al. , 2003). Wholemeal cereal products generally contain more 
carbohydrates and less fat and protein compared with main meals; therefore, 
consumption of those products is a great opportunity to improve healthy lifestyle. 

 Ready- to-eat snacks produced using extrusion technology are in great demand. 
Extruded snacks have been criticized for their ‘empty calories’ (Cheftel, 1986) 
and high level of fat (Neuhouser  et al. , 2000), which contribute to poor diet 
quality. The addition of new sources of dietary fi bres could signifi cantly improve 
the nutritional content of these products. 

 In recent years, the extruded snack food market has grown rapidly, and in the 
UK alone is estimated to be worth between £2.1 and £2.5 billion per annum 
(Mintel, 2004; Datamonitor, 2004). In terms of volume, this equates to 486 000 
tonnes of snack products purchased each year. Value sales of cereal, energy and 
snack bars reported double- digit growth in European countries between 2005 and 
2009 (Mintel, 2010). 

  Table 19.1  summarizes the nutritional data of some breakfast cereals and 
ready- to-eat snacks commercially available in the UK. Dietary fi bre varied from 
1.5 to 15%. According to the Food Standards Agency’s guidance on fi bre claims, 
it is recommended that a ‘source’ of fi bre should contain at least 3 g, or 3% of the 
‘reasonable expected daily intake of the food’. For a high- fi bre claim, the food 
must contain at least 6%, or 6 g, in the reasonable expected daily intake of the food 
(British Nutrition Foundation, 2004). 

 This chapter is focused on the use of extrusion in developing high- fi bre enriched 
ready- to-eat snacks or breakfast cereals through the incorporation of whole grains.   

   19.2  Extrusion processing of ready- to-eat snacks 
 Extrusion cooking is a high temperature, short time and continuous food 
processing technique, which is increasingly being used for generating snack 
products and breakfast cereals. It is very effi cient, and enables manufacturers to 
process starchy grain fl ours, including rice, wheat, barley and oats, with various 
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combinations of ingredients. Residence time, temperature, pressure and shear rate 
are key parameters in extrusion cooking. 

 A number of physical and chemical changes occur during extrusion processing, 
including starch dextrinization, gelatinization, protein denaturation, complex 
formation and degradation of pigments, and these alterations affect the physical and 
functional properties of the end product (Ilo and Berghofer, 1999). For example, 
process conditions such as moisture content, feed rate and screw speed could greatly 
improve the quality of extruded snacks made from corn grits (Mazumder  et al. , 2007). 

 Different raw ingredients, such as wheat, rice and corn, produce extruded 
snacks with different physiochemical characteristics due to variation in their 
composition, including proteins and starch levels. The extrusion behaviour of 
wheat starch, wholewheat meal and oat fl our using a twin- screw extruder was 
observed by Singh and Smith (1997). The results revealed that wheat starch and 
wholewheat meal behaved differently from oats in terms of pressure, expansion, 
water solubility index (WSI), water absorption index (WAI), moisture content and 
material temperature. Selecting and combining appropriate ingredients are 
important factors in formulating acceptable extruded snack products. 

 Chávez-Jàuregi  et al.  (2000) studied the optimum process conditions for 
extruded amaranth grain. The most expanded products with acceptable textural 
properties were obtained at 150°C and 15% moisture, which also resulted in 
greater shearing force, greater extrudate surface, and reduced shearing stress at 
maximum shearing force. The consumption of extruded amaranth has been found 
to reduce total cholesterol levels in rabbits by 50% (Plate and Arêas, 2002). 

 However, the quality of the fi nal product could vary considerably, depending 
on a number of factors. In particular, the formulation and process conditions, 
including extruder type, screw confi guration, feed moisture, temperature profi le 
in the barrel, screw speed, feed rate and die profi le, can signifi cantly affect product 
quality (Desrumaux  et al. , 1999).  

   19.3  Nutritional benefi ts of extruded whole grains 
 The most important factors in developing high nutritional quality extruded snacks 
with good sensorial attributes are the proper selection of ingredients and optimization 
of extrusion parameters. Cereal grains offer a cheap source of binding agents and a 
great source of energy. Commonly consumed whole grains can be found in wheat, 
corn, oats, rice, rye and barley, and contain bran, germ and endosperm. Less 
fashionable whole grains include gluten- free cereals made from amaranth, buckwheat, 
millet, quinoa, sorghum and teff. They are low in saturated fat and cholesterol, rich 
in dietary fi bre and proteins, and are a great source of energy ( Table 19.2 ). 

   19.3.1  Formation of dietary fi bre 
 The effect of extrusion cooking on the nutritional properties of snack foods has been 
studied by a number of authors (Englyst  et al. , 1989; Lasekan  et al. , 1996; Faraj 
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 et al , 2004; Hagenimana  et al. , 2006). Extrusion cooking increases total dietary fi bre 
levels (TDF), soluble (SDF) and insoluble (IDF) ( Table 19.3 ), probably as a result 
of the formation of resistant starch ( Table 19.3 ), which is considered to be a form of 
functional fi bre. Functional fi bre has both physiological and health benefi ts in 

    Table 19.2     Nutrient (g/100 g) and caloric (kcal/100 g) content of some grains  

 Content  Quinoa  Whole Wheat  Rye 
(whole 
grain) 

 Barley 
(whole 
grain) 

 Brown 
Rice 

 Corn 
(whole 
grain) 

 Caloric value  350.00  309.00  269.00  299.00  353.00  338.00 
 Protein  13.81  11.50  8.70  10.60  7.4  9.2 
 Fat  5.01  2.00  1.70  2.10  2.2  3.8 
 Carbohydrates  59.74  59.40  53.50  57.70  74.6  65.2 
 Water  12.65  13.20  13.70  11.70  13.1  12.5 
 Fibre  5.20  10.60  13.15  9.80  4.0  9.2 

   Source: adapted from Jacobsen and Sherwood (2002).     

    Table 19.3     Resistant starch (RS3) content of native and selected extruded barley fl ours. 
 a Barley fl our produced by pin-milling of pearled (30–32%) grains.  b Temperature (ºC) 
moisture (%) used to produce extruded barley fl our  

 Flour sample  RS3 (%, w/w) 

  CDC-Candle  
 Native a   0 
  Extruded    90/20 b  

 100/20 
 120/20 
 140/20 
  90/50 
 100/50 
 120/50 
 140/50 

 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0.58±0.20 

 Least Signifi cant difference 
(LSD) ( P <0.05) 

 – 

  Phoenix  
 Native  0.83±0.15 
  Extruded    90/20 

 100/20 
 120/20 
 140/20 
  90/50 
 100/50 
 120/50 
 140/50 

 1.02±0.20 
 1.08±0.15 
 1.43±0.10 
 1.10±0.21 
 1.62±0.38 
 1.75±0.25 
 2.87±0.41 
 1.94±0.33 

 LSD ( P <0.05)  0.28 

   Source: adapted from Vasanthan  et al.  (2002).     
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humans (Björck  et al. , 1984), and it is related to the product’s functional qualities, 
such as expansion, volume, water solubility and colour (Vasanthan  et al. , 2002; 
Stojceska  et al. , 2010). 

 When starch is cooked, amylase resistant fractions are formed (Cheftel, 
1986). These non- digestible polysaccharides contribute to increased insoluble 
dietary fi bre levels. The formation of resistant starch is affected by the amylase 
to amylopectin ratios and processing conditions (Stojceska  et al. , 2010). 
Changes in the profi le of dietary fi bre can also be attributed to the change of 
soluble dietary fi bre (SDF) into insoluble. This can be accounted for because 
mechanical stress during the extrusion process breaks down the glucosidic 
bonds in polysaccharides, which leads to the release of oligosaccharides, and 
therefore to an increase in insoluble fi bre (Esposito  et al. , 2005; Stojceska 
 et al. , 2010). 

 Björck  et al.  (1984) studied the effect of extrusion cooking on dietary fi bre in 
wheat products, and found a slight increase in TDF with a signifi cant redistribution 
from IDF into SDF, as a result of different extrusion conditions. The extruded 
wheat fl our was used to feed rats and it was found that ‘fecal excretion of dietary 
fi bre constituents was lower than after raw fl our, indicating higher fermentability 
due to extrusion’ ( Table 19.4 ). Caprez  et al.  (1986) found that extrusion cooking 
affected water- binding capacity and caused rheological changes in wheat bran, 
while dietary fi bre and starch content remained unchanged, probably due to the 
mild conditions used ( Table 19.4 ). 

    Table 19.4     Some fi gures from the literature showing the differences of various dietary 
fi bre levels before and after extrusion processing  

 Sources  Grains  Samples  IDF (%)  SDF (%)  TDF (%) 

 Esposito 
 et al.  (2005) 

 Durum 
wheat bran 
by- product 

 Non- 
extruded 
 Extruded 

 33.9–35 

 37.4–65.6 

 1.6–3.0 

 1.3–2.8 

 / 

 / 
 Vasanthan 
 et al.  (2002) 

 barley grains 
waxy (CDC) 

 Non- 
extruded 

 1.89  5.63  7.52 

 Extruded  1.17–1.82  5.69–7.24  7.51–9.14 
 Phoenix 
regular 
barley grains 

 Non- 
extruded 
 Extruded 

 2.43 

 4.19–6.43 

 2.35 

 3.03–3.80 

 4.78 

 7.39–10.23 
 Østergård 
 et al.  (1989) 

 Barley fl our  Non- 
extruded 

 17.3  2.6  19.8 

 Extruded  17.4–19.5  3.3–3.8  20.8–22.5 
 Caprez  et al.  
(1986) 

 Wheat bran  Non- 
extruded 

 56.3  5.6  61.9 

 Extruded  52.9  6.1  59 
 Björck  et al.  
(1984) 

 Wheat fl our  Non- 
extruded 

 2.3  1.7  4.0 

 Extruded  0.9–1.7  2.1–3.8  3.8–4.9 
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 Østergård  et al.  (1989) reported a signifi cant increase in the TDF content of 
barley during extrusion processing. This increase was a result of high starch 
gelatinization, which can be explained by the presence of enzymatically 
indigestible starch ( Table 19.4 ). Vasanthan  et al.  (2002) examined the behaviour 
of two types of barley grain: waxy barley grains (CDC-Candle) and Phoenix 
regular barley grains. TDF, IDF, SDF,  β -glucan and resistant starch contents were 
investigated during extrusion using various process conditions, including different 
temperature and moisture levels. The temperatures used ranged from 90°C to 
140°C and the moisture content from 20% to 50%. It was found that SDF and 
TDF content increased during extrusion cooking, but IDF content depended on 
the type of barley grain ( Table 19.4 ). 

 Stojceska  et al.  (2010) used Teff fl our and a twin- screw extruder to increase 
dietary fi bre in gluten- free ready- to-eat extruded snacks using the following 
process conditions: feed rate 15–25 kg/h, water feed of 12%, screw speed 
between 200 and 350 rpm and barrel temperatures of 80 and 150°C. Extrusion 
processing increased the level of dietary fi bre from 3.37% up to 8.06–9.8%, 
depending on the extrusion parameters. This increase was more pronounced, 
probably due to the higher level of starch in the carbohydrate fraction, which 
contributed to the formation of resistant starch and consequently led to an 
increase in TDF.  

   19.3.2  Physicochemical changes in starches 
 Snack products are often based on starch, which plays a predominant role during 
extrusion processing. The presence of starch provides a number of functional 
benefi ts, including greater expansion and crispness. The transformation of 
different starchy fl ours during extrusion processing has already been very well 
documented. Changes to the structural properties of corn starch as a function of 
different process conditions, such as temperature, feed moisture content, residence 
time screw speed and feed moisture content, were studied by Thymi  et al.  (2005): 
‘The increase of residence time in a counter rotating twin-screw extruder caused 
a degradation of amylopectin molecular structure of the starch based materials 
and reduced the radial expansion, resulting in higher density values.’ 

 A number of authors have studied extruded corn starches with varying 
levels of amylose and amylopectin (Xie  et al. , 1995; Escarpa  et al. , 1996; Della 
Valle  et al. , 1997; Chanvrier  et al. , 2007), and found that conversion of starch 
during extrusion depends on the amylopectin to amylase ratio, water content, 
process conditions and the presence of other ingredients. A literature review 
by Sajilata and Singhal (2005) showed that different starches could improve 
the quality of extruded snacks during production. Amylose cornstarch was 
used to obtain crisp and browned snack products, slightly degraded waxy 
pregels for crispy mouthfeel, and modifi ed starches and high amylopectin fl our to 
improve texture, crispness and expansion of the products. Carboxymethyl 
starch from waxy amaranth and pregel starches have been used to control 
extruded shapes. 
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 Different amylose to amylopectin ratios in processed corn starches were 
investigated using a twin- screw extruder as a function of moisture content and 
temperature (Xie  et al. , 1995). Amylose- rich corn starches exhibited higher 
viscosity and less Newtonian behaviour, which is probably a result of ‘higher 
gelatinisation temperature, greater molecular entanglements between linear 
polymer chains, and less gel- balls and super- globes that are much easier to move 
than long linear chains’. Furthermore, the solubility and formation of resistant 
starch from starch depends on amylose/amylopectin ratios and the technological 
conditions during processing, including cooling (Escarpa  et al. , 1996). High 
amylopectin starch exhibits a greater degree of gelatinization than high amylose 
starch (Kokini  et al. , 1992), though parameters such as temperature and moisture 
content also have signifi cant effects on gelatinization. The melting temperature of 
the amylopectin component of starch decreases with increasing water content, 
until critical moisture content is reached (Parker and Ring, 2001). In order to 
increase gelatinization in quinoa and oats, Chillo  et al.  (2010) used repeated 
extrusion. Davis and Arnold (1995) investigated  in vivo  digestibility of four 
different cereals, including whole wheat, corn fl our, rice fl our and milo, before 
and after extrusion, and found increased gelatinization in each case. 

 Della Valle  et al.  (1997) used starches with various amylase contents to 
examine the expansion indices, including volumetric expansion index, sectional 
expansion index and longitudinal expansion index of extruded products. At a 
constant moisture content and temperature, starches containing 0–70% amylase 
showed the same volumetric expansion, while at a higher moisture content 
and similar temperature starches were categorized according to their level of 
amylase. 

 Chanvrier  et al.  (2007) later studied the rheological properties of extrusion 
processed wheat fl our with different starch/gluten ratios, investigating their 
contribution to the microstructure of the product. Five commercial wheat fl ours 
were hydrated at 28% moisture content and an extrusion temperature of 140°C. 
 Figure 19.1  presents similar trends of fl ow behaviour for the fl ours, where shear 
viscosity decreased with increasing shear rate, and generally depended on the 
type of fl our. No signifi cant difference was found in terms of protein polymerization 
and starch transformation between different fl ours and shear rate. It was concluded 
that ‘the effect of starch type on the shear viscosity of the samples studied 
was greater than that of gluten type’, which was explained by the microstructure of 
the product. 

    19.3.3  Antioxidant activity 
 Whole grains are excellent sources of total antioxidants. This has been confi rmed 
in a study by Adom and Liu (2002), in which corn grain was shown to have the 
highest total antioxidant activity, followed by wheat, oats and rice ( Fig. 19.2 ). 

 A number of authors have investigated antioxidant changes in whole grains 
during extrusion processing. It was found that extrusion processing has a large 
impact on the level of antioxidants, with increased antioxidant activity occurring 
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   Fig. 19.1     Flow behaviour of the different wheat fl ours in the molten state (140°C, 28% 
moisture content), plotted as shear viscosity vs. shear rate (average viscosity values 
calculated from fi ve replicates, standard deviation lower than 10%) (adapted from 

Chanvrier  et al. , 2007).     

   Fig. 19.2     Total antioxidant activity of grains (adapted from Adom and Liu, 2002).     

in extruded amaranth and rye grains (Queiroz  et al. , 2009; Dorota  et al. , 2010) but 
decreased activity in sorghum (Dlamini  et al. , 2007). Antioxidant activity during 
extrusion processing mainly depends on parameters such as moisture content and 
temperature (Queiroz  et al. , 2009). According to Dorota  et al.  (2010), phenolic 
compounds, particularly ferulic acid formation, contributed signifi cantly to the 
increase in total antioxidants in extruded rye grains. The highest antioxidant 
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activity was found in extrudates prepared under conditions of 14% moisture and 
180°C, and the lowest at 20% moisture and 120°C (Dorota  et al. , 2010). Sensoy 
 et al.  (2006) roasted and extruded buckwheat fl our in order to estimate changes in 
phenolic compounds. The results showed that roasting at 200°C for 10 min caused 
degradation of antioxidant activity, but this was not the case with extrusion at 
170°C. The level of antioxidant activity changes during extrusion processing as a 
result of Maillard reactions and the transformation of inactive antioxidants into 
active antioxidants as a result of non- enzymatic browning (Porkorny and Schmidt, 
2006). The Maillard reaction has been studied widely due to its effect on food 
properties such as fl avour, colour and nutrition. The reaction takes place in heated 
foods. Amines react with carbonyl compounds, mainly reducing sugars, resulting 
in a number of complex products known as Maillard reaction products.  

   19.3.4  Retention of vitamins 
 Cereal grains are important sources of vitamins, which exhibit poor stability 
during extrusion processing (Riaz  et al. , 2009). The most sensitive fat- soluble 
vitamins are A and E, while the vitamins C and B 1  are the most sensitive water- 
soluble ones. Reported results showed that vitamin retention during extrusion 
processing varies between 44 and 62% for B vitamins (Athar  et al. , 2006), 56 and 
79.2% for L-ascorbic acid (Plunkett and Ainsworth, 2007) and 76 and 130% for 
tocopherols (Lin  et al. , 2003). An example of vitamin B retention in extruded 
samples is given in  Table 19.5 , with ribofl avin and niacin having the highest 
stability and thiamin the lowest. Retention of vitamins mainly depends on 
cereal type and parameters used during extrusion, including higher temperature 
(Lin  et al. , 2003; Athar  et al. , 2006), and shorter time treatment (Lin  et al. , 2003; 
Plunkett and Ainsworth, 2007). These observations were verifi ed in a review 

    Table 19.5     Vitamin levels in the cereals before extrusion processing and vitamin 
retention (% retained) after extrusion  

 Oats  Maize  Maize and peas 

 Vitamins before extrusion processing (mg/100 g) 
 Thiamin  0.11  0.09  0.22 
 Ribofl avin  0.06  0.04  0.08 
 Niacin  1.35  0.63  1.85 
 Pyridoxine  0.1  0.04  0.06 

 Vitamins (% retained) 
 Thiamin  23  44  61 
 Ribofl avin  100  86  70 
 Niacin  100  75  60 
 Pyridoxine  35  100  18 

   Source: adapted from Athar  et al.  (2006).     
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paper by Killeit (1994), who reported that the retention of vitamins generally 
decreases with increasing temperature, screw speed and specifi c energy input, and 
with decreasing moisture, throughput and die diameter. These parameters are 
diffi cult to optimize, and so it is not easy to ensure minimal loss of vitamins. 

     19.4  Cereal by- products as a new source of dietary fi bre 
 Most manufacturers of wholegrain cereal foods may simply prefer to make their 
products from fl ours and grains. However, innovative sources of dietary fi bre, 
such as cereal by- products, could be benefi cial for businesses and consumers due 
to their low cost. Signifi cant progress has been made in utilizing new fi bre sources, 
including by- products of barley, wheat, corn and durum, in ready- to-eat extruded 
snacks (Ainsworth  et al. , 2007; Stojceska  et al , 2008; 2009; Rosentrater  et al. , 
2005; Esposito  et al. , 2005; Yağci and Göğüş, 2008). 

 Esposito  et al.  (2005) used durum wheat bran while Rosentrater  et al.  (2005) 
used various levels of soybean corn by- product to produce extruded snacks with 
higher levels of dietary fi bre. Combining corn bran with corn meal in extrudates 
signifi cantly affected ‘the radial expansion ratio, appearance and general 
acceptability levels’ (Mendonya  et al. , 2000). This challenge was overcome by 
changing the process conditions and establishing an optimum level of corn bran 
used, moisture content, and temperature, and the inclusion of glycerol 
monostearate. 

 Yağci and Göğüş (2008) incorporated durum clear fl our into a formulation 
made from fruit by- products, using a single- screw extruder to produce expanded 
snack products. A model was developed using response surface methodology, in 
order to estimate the best physical and functional properties of extruded foods in 
terms of components and process variables. 

 Ainsworth  et al.  (2007) and Stojceska  et al.  (2008; 2009) used different levels 
of brewer’s spent grain (BSG), and found that the maximum acceptable level 
that can be incorporated into extruded snacks is 30%. Increasing the level of 
corn starch and playing with the process conditions improved the sensorial 
characteristics of extruded products. Moreover, BSG has a benefi cial effect on 
health (Stojceska, 2011) that may help prevent certain diseases, including 
constipation (Odes  et al. , 1986), improve the physiological function of the colon 
(Zhang  et al. , 1991), and lower cholesterol (Hassona, 1993). 

 Ingredients such as rice fl our, wheat and starches are usually used to combine 
these potential functional ingredients and, with appropriate process conditions, 
could produce snack products with higher levels of dietary fi bre.  

   19.5  Improving the quality of extruded products 
 A nutritional snack is only of value if it is acceptable to consumers. The quality of 
extruded snack products mainly depends on their organoleptic properties, and is 
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measured by expansion ratio, density, texture, appearance and fl avour (Dehghan-
Shoar  et al. , 2010), which are mainly infl uenced by moisture content, barrel 
temperature, screw speed, screw confi guration and die geometry (Singh  et al. , 
2007). Those characteristics are related to the proportion and type of starch 
available, because the starch level affects the number and size of air cells 
developed during extrusion, which in turn affects expansion, density and texture. 
The presence of components other than starch may interfere with air cell expansion 
and limit the starch gelatinization necessary for expansion, resulting in an 
undesirably hard texture (Ainsworth  et al. , 2007; Yanniotis  et al. , 2007). Efforts 
to produce expanded high fi bre snacks have generally resulted in products that are 
tough in texture and unable to hold their expansion upon extrusion. 

 Several authors have applied image analysis techniques (Mezreb  et al. , 2003; 
Stojceska  et al. , 2008; Arhaliass  et al. , 2009) or developed predictive models (Lei 
 et al. , 2005) in order to determine the structure of the extrudates and obtain useful 
information. Mezreb  et al.  (2003) studied the structural properties of extrudates 
using a digital image technique, and found that sectional and longitudinal 
expansion mainly depended on screw speed, water solubility and material used 
for extrusion. 

 Stojceska  et al.  (2008) observed the addition of fi bre into a wheat–corn starch 
system, and found that different screw speeds had a major effect on the organization 
of cells in the extrudates, which contributed considerably to the fi nal quality of 
extrudates in terms of appearance and expansion. Arhaliass  et al.  (2009) analysed 
sectional, longitudinal and volumetric expansion indices of wheat and maize 
extrudates under constant moisture and specifi c mechanical energy. They found 
that radial expansion was due to apparent viscosity, while axial expansion was 
dependent on the type of material used. 

 In order to estimate extruder performance, Lei  et al.  (2005) developed a 
predictive model for rice extrudates that considered different screw geometries. 
The model integrated process parameters including shear rate, barrel temperature, 
moisture content, fl ow rate and screw geometry. It was found that die pressure is 
a function of moisture content, product temperature and fl ow rate, while product 
temperature and shaft torque are functions of shear rate, moisture content, fl ow 
rate, barrel temperature and screw confi guration. 

 The expansion of extruded products might be improved by injecting carbon 
dioxide as a puffi ng agent (Schmid  et al. , 2005; Jeong and Toledo, 2004). Schmid 
 et al.  (2005) extruded wheat fl our with 0.3% thiamin using a twin- screw extruder 
at temperatures between 40 and 80°C. Jeong and Toledo (2004) extruded pre- 
gelatinized rice fl our using CO 2  injection in a twin- screw extruder at temperatures 
between 40 and 60°C. Satisfactory expansion in a highly porous product was 
obtained at injection pressures less than 0.6 MPa (Jeong and Toledo, 2004). 
However, expansion of the extruded products could also be improved by increasing 
screw speed and energy input and decreasing moisture content speed (Schmid 
 et al. , 2005). 

 The importance of aerated snack consumption in terms of energy intake was 
highlighted in a study by Osterholt  et al.  (2007). It was found that the degree of 
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aeration of snacks had a signifi cant effect on weight, energy consumption and 
volume consumed when an equal volume of snacks was served. Energy consumed 
was reduced by 21% for the less aerated snacks. 

 In order to improve textural properties of extrudates, several researchers have 
used additives such as monoglycerides, sodium bicarbonate, gums and 
hydrocolloids (Lai  et al. , 1989; Singh  et al. , 2000; Miladinov and Hanna, 1995; 
Ravindran  et al. , 2011; Yanniotis  et al. , 2007; Thakur and Saxena, 2000). These 
additives tend to improve textural properties and act as stabilizers. The most 
commonly used gyms or hydrocolloids are gum arabic, pectins, alginates and guar 
gums. The addition of sodium bicarbonate to wheat extrudates improved the 
expansion of the fi nal product but weakened the structure and caused browning 
(Lai  et al. , 1989). 

 Singh  et al.  (2000) observed changes of maize grit product characteristics 
when a combination of sodium bicarbonate and glycerol monostearate was added, 
using various extrusion temperatures. Results indicated that the viscosity 
decreased when glycerol monostearate quantity increased, but increased with the 
increase of sodium bicarbonate levels. However, sodium bicarbonate at lower 
extrusion temperatures increased expansion, while at higher temperatures a 
reverse effect was detected. 

 Thakur and Saxena (2000) used response surface methodology to analyse the 
effect of xanthan, guar gum and arabic gum on the expansion ratio of extrudates, 
using a twin- screw extruder at a temperature of 160°C and a feed rate of 70 g/min. 
The stepwise variable selection showed that responses were most affected by 
changes in guar gum levels and to a lesser degree by xanthan and gum arabic. This 
model could be effective in resolving the diffi culty of preparing gum- based ready- 
to-eat snacks under different extrusion process conditions. 

 Miladinov and Hanna (1995) produced extrudates with high apparent viscosity 
by adding equal amounts of xanthan gum and starch, and injecting adipoyl 
chloride. Viscosity increased with an increase of temperature up to 95°C, but 
disappeared at 110°C. Key parameters were amylose content, nozzle diameter and 
barrel temperature. 

 Yanniotis  et al.  (2007) used pectins to reduce hardness, while Fishman  et al.  
(2000) used a mixture of pectin/starch/glycerol to improve the mechanical 
properties of extrudates. The results revealed that the degree of starch gelatinization 
could be controlled by extrusion temperatures and the amount of water used. 
Pectins improved the emulsifying properties of soybean proteins, and extrusion 
processing brought additional advantages to the interfacial properties of this 
combination (Bueno  et al. , 2009). 

 Recently, Ravindran  et al.  (2011) improved pea–rice- based extruded products 
by incorporating different gums, including guar gum, locust bean gum 
and fenugreek gum. It was found that a good degree of expansion was obtained 
when these gums were added to the formulation mix at the level of 20%. The 
same result was detected in terms of colour and texture, and the snacks 
produced were good sources of protein and dietary fi bre, and low in fat and 
glycaemic index (GI).  
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   19.6  Conclusion 
 The popularity of nutritionally improved snack foods as part of the daily 
diet continues to rise, perhaps due to increasing customer awareness of its 
role in maintaining health. The addition of whole grains to ready- to-eat snacks 
as a source of dietary fi bre, phenolic compounds and vitamins has been discussed, 
with a particular emphasis on the use of extrusion as a process for 
improving nutritional and textural properties. Factors such as formulation and 
process conditions affect the quality of the fi nal products. Extrusion processing 
increases dietary fi bre levels due to the formation of resistant starch. However, 
extrusion conditions such as moisture content, feed rate and screw speed could 
potentially improve the properties of extruded ready- to-eat snacks. In addition, 
the expansion of extruded snacks could be improved through the use of additives 
and puffi ng agents.  

   19.7  Future trends 
 There is increasing proof that whole grains provide signifi cant health benefi ts. 
Dietary fi bre consumption around the world fails to meet daily recommendations, 
and snacking could make an important contribution to TDF intake and energy. 
The growth in snacking, particularly high fat, high sugar and high salt snacks, has 
been seen as a contributing factor to poor diet quality. Initiatives to improve the 
human diet have highlighted the nutritional content of snack products and created 
demand for more nutritious options. Future research into extruded ready- to-eat 
snacks should focus on improving the nutritional quality of snack products while 
maintaining good sensorial properties. Whole grains are an excellent source of 
dietary fi bre, antioxidants and vitamins, all of which are vital parts of a healthy 
diet. Whole grains have therefore been incorporated into various snack foods. 
Extrusion might be a suitable means of producing expanded and crunchy products 
that do not suffer from the heavier structure of traditional wholegrain formulations. 
The advantage of using extrusion is in its ability to create products with an open 
structure and desirable texture, which could be achieved by manipulating extrusion 
process conditions and reformulating products. 

 When whole grains undergo extrusion processing, vitamin levels are reduced 
as a result of chemical reactions that occur due to high temperatures, high pressures 
and screw speeds. Extruded snacks may therefore need to be fortifi ed with 
vitamins through the use of post- extrusion applications such as spraying or 
coating, lowering the residence time, using short barrel extruders, or micro- 
encapsulation. 

 Furthermore, future research should also highlight the use of cereal by- 
products as potential sources of dietary fi bre, proteins and antioxidants that could 
easily be incorporated into ready- to-eat extruded snacks. This might be of 
particular interest to manufacturers in terms of using cheaper or non- cost 
ingredients.   
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  Abstract:  Dietary fi bre has been a subject of study in companion animal nutrition for 
approximately 25 years, recently focusing on its benefi ts for dog and cat health and 
well- being. Pet animal diets contain signifi cant amounts of carbohydrates, including 
dietary fi bre. Depending on the properties of carbohydrates and their level in the diet, 
different physiological effects occur. High concentrations of dietary fi bre affect appetite 
regulation and, potentially, gastric emptying, intestinal transit time and nutrient 
digestibility. Other effects include changes in faecal consistency and volume, increased 
production of short chain fatty acids, and alterations in the microbial population. Recent 
work on prebiotics and the benefi ts of a healthful large bowel microbiota has increased 
interest in dietary fi bres and their potential value in clinical nutrition. This chapter is an 
update of the Fahey  et al.  (2004) comprehensive review of the effect of dietary fi bre on 
companion animal nutrition and health. Studies conducted since 2004 will be emphasised.  

   Key words:    dogs, cats, dietary fi bre, pet foods, prebiotics, faeces, gut health.   

    20.1  Introduction 
 The use of dietary fi bres in companion animal nutrition has been studied in earnest 
since the mid-1980s. Dogs and cats traditionally ingest high protein, high fat 
diets, and each has a gastrointestinal (GI) tract with modest colonic capacity but 
containing a robust population of anaerobic microbiota (~10 10  colony- forming 
units (CFU)/ml digesta). Domesticated pet animals ingest diets containing 
signifi cant amounts of carbohydrates that can reach as high as 30–40% dietary 
concentration, a portion of which is dietary fi bre. 

 In contrast to the situation with farm animals, companion animal nutritionists 
do not formulate diets with a concern about animal performance, but rather 
longevity and health. A pet is, in many instances, a member of the family, and its 
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well- being is a major concern to its owner. The inclusion of dietary fi bre may 
result in health benefi ts to the animal. A decrease in the incidences of chronic 
diseases of humans, such as cardiovascular disease, GI disorders, diabetes, 
obesity, and various types of cancers, has been reported with elevated intakes of 
dietary fi bre (Anderson  et al. , 2009). Much less research has been conducted on 
the role of dietary fi bres in enhancing pet animal nutrition and health (Fahey  et al. , 
2004). 

 Depending on the physicochemical properties of potentially fermentable 
carbohydrates and their level of inclusion in the diet, different physiological 
effects on the body will occur. Consumption of potentially fermentable 
carbohydrates may affect regulation of food intake, intestinal transit time, nutrient 
absorption, faecal volume and quality, and intestinal microbiota populations 
(Kritchevsky, 1988; Zentek, 1996). Carbohydrates entering the large bowel 
(dietary fi bre, resistant starch (RS), non- digestible oligosaccharides) may exert 
their effects as a result of their physicochemical characteristics, the end- products 
of their fermentation (i.e. short- chain fatty acids (SCFA) and lactate), and (or) 
their ability to modulate the colonic microbiota. 

 Select dietary fi bres also may function as prebiotics for dogs and cats. A 
prebiotic is ‘a food ingredient that is resistant to enzymatic digestion in the small 
intestine and that benefi cially affects the host by stimulating growth and (or) 
activity of specifi c species of bacteria in the lower gut, thus improving host 
health’ (Gibson and Roberfroid, 1995). Benefi cial bacteria (e.g. bifi dobacteria 
and lactobacilli) are increased in concentration as a result of prebiotic feeding 
(Buddington, 2001), whereas pathogenic bacteria (e.g.  Clostridium perfringens  
and  E. coli ) are decreased in concentration. This occurs as a result of reduced pH 
caused by increased production of SCFA and lactate, and competition for nutrients 
when prebiotics are present (Fuller and Gibson, 1997). 

 This chapter is an update of the Fahey  et al.  (2004) comprehensive review of 
the inclusion of dietary fi bre on companion animal nutrition and health. Studies 
conducted since 2004 will be emphasised. Readers are referred to the 2004 chapter 
for details of studies conducted prior to that year.  

   20.2   Effects of dietary fi bre on food intake and gastric and 
small intestinal function in companion animals 

 As regards the effects of dietary fi bres on the GI system of companion animals, 
Fahey  et al.  (2004) elaborated on regulation of food intake, intestinal rate of 
passage, and nutrient digestibility when animals were fed select fi bre sources. 
These same topics are relevant today. 

   20.2.1  Effects of dietary fi bre on food intake 
 Inclusion of high concentrations of dietary fi bre appears to affect appetite 
regulation as a result of an energy dilution mechanism inducing the dog to increase 
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food intake (Fahey  et al. , 2004). More recent research by Bosch  et al.  (2009) 
tested the effects of dietary fi bre type on satiety- related hormones and voluntary 
food intake by dogs. The hypothesis that fi bre fermentability might affect food 
intake was tested with 16 healthy adult beagles that were assigned to one of two 
dietary treatments (low fermentable fi bre and high fermentable fi bre). Dietary 
levels of fi bre addition were 8.5% beet pulp + 2% inulin (high fermentable fi bre 
diet) and 8.5% cellulose (low fermentable fi bre diet). Dogs fed the high fermentable 
fi bre diet tended (  p  = 0.06) to ingest less food compared with dogs fed the low 
fermentable fi bre diet. This response could be explained by the signifi cant increase 
in large intestinal fi bre degradation in the former treatment, with a consequent 
increased rate of SCFA production, suggesting that SCFA served as an energy 
source and induced satiety in animals fed the combination of beet pulp + inulin.  

   20.2.2  Rate of digesta passage 
 Fahey  et al.  (2004) suggested that fi bres from different sources, and with different 
characteristics (e.g. viscosity, solubility), and when fed at different dietary 
concentrations, could affect gastric emptying and intestinal transit time differently. 
Comparing results from different studies, Fahey  et al.  (2004) inferred that transit 
time was increased by dietary fi bres with higher viscosity. This was confi rmed in 
a human study by Shimoyama  et al.  (2007), who tested inclusion of a high- 
viscosity (pectin) liquid meal on gastric emptying in adult humans and concluded 
that the high viscosity caused by the addition of pectin to the enteral nutritional 
solution prevented the sudden overfl ow of nutrients from the stomach into the 
duodenum, thereby avoiding the inhibition of gastric motility by the duodenal 
brake. A similar mechanism is plausible for pet animals.  

   20.2.3  Nutrient digestibility 
 It is important to understand how animals respond to novel ingredient inclusion in 
select diet matrices. One of the most important outcomes in this regard is nutrient 
digestibility. Fahey  et al.  (2004) noted that not only digestibility but also absorption 
of nutrients may be affected by the presence of fi bre in the diet. This occurs as 
a result of alterations in mixing, motility, and convection of digesta; intraluminal 
digestion rates; thickness of the unstirred water layer; inhibition of maximal 
transport capacity; pH; and, over a longer time period, changes in intestinal 
morphology. 

 Fibre fermentability and solubility will determine how a specifi c fi bre will 
affect nutrient digestibility. Soluble fi bres, in general, provide greater energy for 
gut microorganisms than do insoluble fi bres, due to an increased fermentation 
capacity of the soluble fi bre (Fahey  et al. , 2004). 

 In  Table 20.1 , a summary of results of digestibility studies conducted since 
2004 is presented. A general conclusion that can be drawn from these results is 
that soluble fi bres appear to improve nutrient digestibility. However, total tract 
crude protein digestibility is nearly always lower when pet animals are fed soluble 
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dietary fi bres because they stimulate microbial protein synthesis in the large 
bowel, resulting in greater faecal excretion of nitrogen, thus lowering the apparent 
total tract crude protein digestion coeffi cient. 

 One study compared three normal corn hybrids with one high in amylose. 
Amylomaize, a commercially available RS, was also tested in the study as a 
positive control. Data indicate fi bre- like behaviour of the high amylose corn 
hybrid in terms of both ileal and total tract starch digestibility, indicating that 
perhaps a natural dietary ingredient of this type could substitute for a portion of 
the traditional dietary fi bre commonly added to pet animal diets (Gajda  et al. , 
2005).   

   20.3   Effects of dietary fi bre on intestinal function of 
companion animals 

 Fibre fermentation in the large intestine may alter stool characteristics as well as 
large bowel microbiota composition and function. In this section, the production 
of SCFA and lactate as end- products of fermentation of indigestible carbohydrates 
reaching the large bowel will be discussed, and an update provided regarding 
prebiotic use in pet animal diets. 

 Fahey  et al.  (2004) outlined the intestinal characteristics of pet animals often 
affected by dietary fi bres. These include an increase in wet stool bulk, number of 
defecations per day, and the acetate:propionate ratio, and a decrease in faecal 
moisture when animals are fed insoluble- non-viscous- low fermentable fi bre 
sources. An increase in number of defecations (cats only), total SCFA 
concentration, colonic weight/length, colonic absorptive area, and glucose uptake, 
and a decrease in the acetate:propionate ratio occur when pet animals are fed 
soluble- viscous-partially fermentable fi bre sources. 

   20.3.1  Stool quality 
 Stool quality refl ects volume and consistency score of the stool produced. Use of 
dietary ingredients that are not digestible contributes to stool output, as does 
water- holding capacity of the resulting digesta (Fahey  et al. , 2004). Since 2004, 
several studies have been conducted evaluating the effects of different fi bres on 
stool quality of pet animals. Observations of stool quality are commonly used as 
a research outcome to assess the effect of a fi bre on bowel function. A summary 
of these studies is presented in  Table 20.2 . 

    20.3.2  Prebiotic effects 
 Use of prebiotics in companion animal nutrition was reviewed by Swanson 
and Fahey (2006) and was updated by Vester and Fahey (2010). Chicory 
(a natural source of long- chain fructans), inulin (a long- chain fructan), 
oligofructose (OF) (fructan chains with 8 to 10 units), and short- chain 
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fructooligosaccharides (scFOS) (fructan chains with three to fi ve units) 
have been studied extensively (Hernot  et al. , 2008). Other oligosaccharides have 
been tested, such as yeast cell wall (YCW), mannanoligosaccharide (MOS), 
 α -galactooligosaccharide (GOS), isomaltooligosaccharide (IMO), lactosucrose, 
lactulose, maltodextrin- like oligosaccharide (MD), transgalactooligosaccharide 
(TGOS), and xylooligosaccharides (XOS), but not all satisfy the strict defi nition 
of a prebiotic as per Roberfroid (1998; a non- digestible food ingredient that 
benefi cially affects the host by selectively stimulating the growth and/or activity 
of one or a limited number of bacteria in the colon and that improves host health). 

 The research reviewed by Swanson and Fahey (2006) and Vester and Fahey 
(2010) utilised a variety of outcomes to assess effi cacy of prebiotics for dogs and 
cats: food intake, faecal output, stool consistency, macronutrient digestibility, 
fermentative end- product concentration, immune indices, and intestinal microbiota 
composition and function. A general conclusion from these reviews is that use of 
prebiotics by the companion animal industry is increasing, but, even with the 
advances made in recent years, more information is needed, especially for cats. 

 Two studies used cats to evaluate the effects of fructans (Barry  et al. , 2010; 
Hesta  et al. , 2005) on select nutritional outcomes. During a 2-week study, Hesta 
 et al.  (2005) observed that cats fed 3.1% OF tended to have an increase in faecal 
moisture (6%), dry matter (DM) output (27%), and faecal nitrogen excretion 
(36%), and a decrease in urinary nitrogen excretion (−48%). When Barry  et al.  
(2010) supplemented feline diets with cellulose, inulin-OF, or pectin, it was 
concluded that a 4% level of supplementation of the fermentable fi bres (inulin-OF 
and pectin) increased stool protein catabolite concentrations and microbial 
populations. When cats were fed inulin-OF and pectin compared with cellulose, 
an increase in stool odour caused by an increase in protein catabolite production 
was observed. Faecal ammonia and biogenic amine concentrations were higher. 
Short- chain fatty acid concentrations also increased. Even though inulin-OF 
treatments resulted in a more benefi cial microbial population than did pectin, both 
fi bre sources affected intestinal health indices of cats, but in different ways. Also, 
very different responses are noted when fructans are fed at 4% levels of dietary 
inclusion compared with levels < 1% of the diet. Lower concentrations are much 
more effective in decreasing large bowel concentrations of potentially toxic 
protein catabolites. This result highlights the undesirability of using prebiotics as 
the major dietary fi bre source in pet animal diets.  

   20.3.3   In vitro  evaluations of dietary fi bres 
  In vitro  models are relatively inexpensive, rapid methods of predicting fi bre 
digestion in the human and animal gastrointestinal tract (Faber and Fahey, 2010). 
Determination of microbial digestion with the evaluation and quantifi cation of 
fermentative end- products is possible using  in vitro  methods. It is possible to 
evaluate either a pure substrate or its interaction within a diet matrix.  In vitro  
systems also provide a means of evaluating the effi cacy of potential prebiotics 
(Gibson and Fuller, 2000). There are many different systems that vary in level of 
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complexity and capability, some able to simulate both hydrolytic and fermentative 
digestion processes. 

 One of the most common measurements of an  in vitro  fermentation assay is gas 
production (rate, amount produced). Cutrignelli  et al.  (2009) used two dog breeds 
(German shepherd and Neapolitan mastiff ) as faecal donors and evaluated the 
fermentation of a variety of carbohydrates. The authors observed that both sources 
of inocula exhibited low cellulolytic activity, resulting in low organic matter 
digestibility (OMD; 2.5%) and low gas production (3.53 ml/g) for the cellulose 
treatment, whereas the percentage OMD for FOS, inulin, and substrates rich in 
starch (potato, corn, spelt, and rice) was higher (ranging from 82.83 to 99.14%), 
demonstrating robust microbial activity with these substrates. 

 Bosch  et al.  (2008) compared  in vitro  fermentative activity in the canine 
distal gastrointestinal tract and fermentation kinetics of select fi bre sources. By 
collecting samples from different sites in the gastrointestinal tract of dogs, using 
them as sources of inocula, and then comparing the results with an  in vitro  system 
using faecal samples as the source of inocula, the authors concluded that faeces is 
an appropriate inoculum source for  in vitro  fermentation studies, but may slightly 
overestimate the actual fermentation responses measured more proximally in the 
large intestine. 

 Biagi  et al.  (2008) studied  in vitro  fermentation responses of beet pulp, lactitol, 
citrus pulp, and chicory using dog faecal microbiota. Dogs were capable of 
digesting soluble fi bres, as evidenced by total gas volume for all tested fi bres 
(28% increase for beet pulp, 29% for citrus pulp, 33% for chicory, 48% for lactitol) 
when compared with control. Also, a signifi cant decrease in ammonia concentration 
was noted for chicory (−9%), beet pulp (−12%), and citrus pulp (−16%). Lactitol 
increased acetic acid (+54%), n- butyric acid (+84%), and total SCFA production 
(+34%) when compared with the control. A signifi cant increase of 0.3 log CFU 
lactobacilli/ml was observed as a result of lactitol and chicory fermentation. 

 According to Faber and Fahey (2010),  in vitro  assays may be used fi rst to pre- 
screen test substrates, preventing unnecessary use of animals if no substrate effect 
exists. An animal model then may be used to confi rm promising  in vitro  responses.   

   20.4   Clinical signifi cance of dietary fi bres in 
companion animal diets 

 The inclusion of dietary fi bre in companion animal diets with the objective of 
ameliorating diseases was reported by Fahey  et al.  (2004), and effects were 
observed for attenuation of diabetes, small intestinal bacterial overgrowth, obesity, 
and renal disease. 

   20.4.1  Diabetes and glycaemic control 
 The idea of manipulating diet composition to infl uence postprandial glycaemia 
and attenuate blood glucose response as a nutritional strategy for management 
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and prevention of diabetes was discussed by Fahey  et al.  (2004), the main 
conclusion being that high concentrations of inulin (approximately 80 g/kg) would 
help modulate blood metabolites, and that this would be useful in diets for dogs 
that are diabetic. 

 Recent studies have focused on the use of ‘novel carbohydrates’ as substitutes 
for traditional dietary fi bres in human nutrition; the same trend is being followed 
in companion animal nutrition. Novel carbohydrates usually are derived from a 
source of starch that is modifi ed physically or chemically to be incorporated into 
food. The possibility of incorporating into foodstuffs ingredients that result in 
laxation effects, faecal bulking, and reduced glycaemic response, and with a 
reduced energy value, has led to an increasing demand for carbohydrates that are 
easy to incorporate into foods but that mimic the physiological effects of dietary 
fi bres (Murphy, 2001). 

 Using the dog model to assess glycaemic and insulinaemic responses, Knapp 
 et al.  (2008) evaluated select carbohydrates varying widely in chemical 
composition and functionality for physiological properties that could impact 
health. Polydextrose, pullulan, RS, and xanthan gum demonstrated varying 
degrees of resistance to digestion in the small intestine, but all of them 
resulted in an attenuated postprandial glycaemic response when compared 
with maltodextrin. Polyols, RS, non- starch polysaccharides, and other 
oligosaccharides are usually referred to as low digestible carbohydrates (Marteau 
and Flourie, 2001), and health benefi ts could result from their inclusion in 
companion animal diets since they often have lower energy concentrations due to 
their decreased rate of small intestinal digestion and absorption (Knapp  et al. , 
2008).  

   20.4.2  Obesity and weight control 
 Obesity may be defi ned as a clinical state of excessive accumulation of body fat 
(Kil and Swanson, 2010). Considered one of the most important health concerns 
for humans, obesity is highly associated with type 2 diabetes mellitus, hypertension, 
hyperlipidaemia, and heart disease (Sikaris, 2004). But these concerns do not 
apply only to the human, since 50% of the dog and cat population in the United 
States is considered obese or overweight, caused mainly by excess energy intake 
relative to energy expenditure. 

 Major issues regarding weight management (or weight loss) using dietary 
fi bre centre on the manipulation of a state of ‘fullness’ or the ‘satiety effect’. 
Fahey  et al.  (2004) addressed this in their discussion of the effect of dietary 
fi bre on increasing eating time, slowing gastric emptying, and decreasing 
serum insulin concentration. Also, the possibility that fi bre might decrease food 
intake and nutrient absorption, increase rate of dietary thermogenesis, decrease 
food intake mediated by SCFA, and stimulate the release of peptides that modify 
eating behaviour were considered. Nevertheless, the authors found inconclusive 
evidence to support fi bre as an essential dietary component in weight reduction 
programs. 
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 Currently available diets in the market for dogs include high fi bre – moderate 
protein or high protein – moderate fi bre diets. Weber  et al.  (2007) hypothesised 
that both protein and fi bre can infl uence satiety, and observed that a high protein 
– high fi bre diet reduced voluntary food intake compared with a high protein or a 
high fi bre diet fed separately. Similar results were observed by German  et al.  
(2010), who observed faster and greater weight loss when animals were fed high 
protein – high fi bre diets compared with high protein – medium fi bre diets. These 
studies evaluated different fi bre sources, so it is diffi cult to conclude precisely 
how fi bres act on satiety mechanisms. 

 Bosch  et al.  (2009) evaluated the effect of fi bre fermentability on physiological 
satiety- related metabolites and voluntary food intake. Even without treatment 
effects in postprandial plasma glucose, peptide YY, glucagon- like peptide-1, and 
ghrelin responses, dogs fed a high fermentable fi bre diet (8.5% beet pulp + 2% 
inulin) tended to eat less than dogs fed a low fermentable fi bre diet (8.5% 
cellulose). Diets containing highly fermentable fi bres may contribute in a positive 
way to the weight management of dogs. Respondek  et al.  (2008), after feeding 1% 
scFOS to a group of obese dogs, observed a decrease in insulin resistance and an 
apparent modulation of the transcription of genes involved in fatty acid and 
glucose metabolism.   

   20.5   Strategies for incorporating fi bre into 
companion animal diets 

 The optimal fi bre concentration has yet to be established for companion animals. 
The concentration in diets will depend on food intake, energy density of the food, 
and animal energy requirements (Meyer and Kienzle, 1991). Diet matrix, too, will 
dictate, in part, how much supplemental fi bre should be added to the diet. Since 
the review published in 2004 by Fahey  et al. , a number of studies have been 
conducted to evaluate the impacts of dietary fi bre in companion animal nutrition, 
but the upper limit of fi bre that may be included remains unknown. Not all fi bre 
sources produce the same physiological effects. According to Fahey  et al.  (2004), 
an ideal dietary fi bre would provide good stool characteristics (i.e. amount 
excreted, score) without affecting nutrient digestibility signifi cantly and would 
contain both insoluble and soluble fi bre components in a desirable ratio (80:20 to 
70:30). 

 Recommendations regarding use of dietary fi bres with prebiotic effects are 
also inconclusive. However, indications of benefi cial effects have been observed 
in recent studies. In dogs, benefi cial microbiota modulation was observed when 
animals were fed dietary scFOS and inulin concentrations between 0.2 and 0.4%, 
whereas concentrations as high as 3% did not negatively impact digestion or 
faecal scores (Verlinden  et al. , 2006; Barry  et al. , 2009). In cats, a dietary 
concentration greater than 0.5% of scFOS or GOS was needed to increase butyrate 
concentration (Kanakupt  et al. , 2011). Higher concentrations of inulin-OF (4%) 
are tolerable for cats (Barry  et al. , 2010), but a decrease in stool quality was 
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observed with 6% levels of oligofructose (Hesta  et al. , 2001). Middelbos  et al.  
(2007) and Bosch  et al.  (2008) demonstrated the prebiotic effect of beet pulp 
 in vitro  and  in vivo  as indicated by comparable production of SCFA for both beet 
pulp and FOS. Also, dogs fed a diet containing 2.5% beet pulp had increased 
faecal butyrate and  Bifi dobacteria  spp. concentrations compared with dogs fed a 
diet containing 2.5% cellulose (Middelbos  et al. , 2007).  

   20.6  Conclusion 
 Evidence of the benefi ts of dietary fi bre inclusion in pet animal nutrition has been 
established, but further research will reveal the full potential of the many dietary 
fi bre ingredients that exist in the marketplace. Consideration of how to include 
these carbohydrates in select diet matrices must be carefully evaluated, since 
different dietary fi bres vary in their physiological effects. Not all work well in all 
diets. Development of knowledge of optimal dietary fi bre concentrations, the 
roles of novel carbohydrates, the activities of prebiotic fi bres, and the potential 
health and behavioural benefi ts of dietary fi bre, broadly defi ned, would allow the 
nutritionist to develop diets for companion animals to achieve optimal health and 
well- being. It is clear from the lack of studies published in this area that the role 
of dietary fi bre in feline nutrition still needs to be established.   
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 Soluble and insoluble fi bre in 
infant nutrition  
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  Abstract:  Dietary fi bre recommendations currently exclude infants of less than 1 year. 
Dietary fi bre intake studies have previously excluded non- digestible carbohydrates from 
human milk and the prebiotics used to replace them in infant formulas, and have focused 
on plant fi bres deriving from weaning foods. However, they can be fermented by 
intestinal microbiota, contribute to changes in intestinal microbiota, and infl uence stool 
consistency. The intestinal microbiota interact with different cells in the intestine, and 
contribute to postnatal development and the immune system. Direct interactions with 
glycan structures on the cellular surface of the intestine have also been observed, and 
there is increasing evidence that these interactions have long- lasting effects. Thus, 
non- digestible carbohydrates could offer protection against immune- mediated diseases 
and metabolic disturbances later in life.  

   Key words:    dietary fi bre, infant nutrition, non- digestible carbohydrates, intestinal 
microbiota, glycan, human milk, prebiotic.   

    21.1  Introduction 
 Recommendations for dietary fi bre in childhood commonly exclude infants of 
less than 1 year, 1–3  mainly due to a lack of information on the physiological effects 
and health benefi ts of dietary fi bre in infancy, particularly compared with that 
available for adolescents and the elderly. 4–6  As a result, most recommendations are 
based on data obtained from adults, measured on the basis of body weight, age or 
energy intake. 7,8  These approaches do not give suffi cient consideration to the 
enormous structural and functional developmental changes that occur in the 
gastrointestinal tract during the fi rst year, 9,10  which may cause the physiological 
functions of dietary fi bre to be different from those seen later in life. This is 
particularly relevant with regard to the specifi c impact of dietary fi bre on the 
development of the intestinal microbiota after birth. 11,12  
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 One factor that leads to confusion in the discussion of dietary fi bre in infancy 
is the defi nition of fi bre itself. In 1972, Trowell published the fi rst defi nition of 
fi bre as ‘that proportion of food which is derived from the cellular walls of plants 
which is digested very poorly by human beings’. 13  At that stage, it was mainly 
non- starch polysaccharides (NSPs) and lignin that were considered as sources of 
fi bre. Over the next two decades the defi nition expanded to include a whole range 
of non- digestible carbohydrates other than NSP, such as resistant starch, fructo- 
oligosaccharides (FOS), galacto- oligosaccharides (GOS) and some synthetic non- 
digestible carbohydrates. 14,15  Since these substances can reach the colon and can 
be fermented by the colonic microbiota, many of them have been introduced into 
dietary products due to their prebiotic effect. Although they are usually called 
prebiotics, they also fulfi l the criteria of the new defi nition of fi bre. 

 During the fi rst month, the natural diet for infants is breast milk. It has been 
known for more than a century that breast- fed infants develop intestinal microbiota 
dominated by bifi dobacteria. 16  In the 1950s, human milk oligosaccharides 
(HMOS) were identifi ed as an important growth factor for intestinal microbiota. 17  
The development of new analytical techniques 18–21  has led to the identifi cation of 
several new complex HMOS structures. 18–22  Modern microbiological techniques 11,23  
have also offered insights into the role of HMOS in the metabolism of intestinal 
microbiota. 24  Over the past two decades, an increasing amount of evidence has 
revealed that the intestinal microbiota interact strongly with the intestinal tissue. 25  
This interaction plays an important role in the postnatal development of the 
intestinal tract, the regulation and stimulation of the immune system, and the 
metabolic regulation of the growing infant. 26–30  HMOS can also act as receptor 
analogues for fi laments of pathogenic bacteria, preventing the adhesion of these 
bacteria onto the intestinal epithelial surface. Since that adhesion is the fi rst stage 
of bacterial infection, they can thus be said to provide an anti- infective effect. 

 Glycoconjugates play an important role as parts of signalling molecules on the 
surface of the epithelial, dendritic and neuronal cells of the intestine. Since HMOS 
share a number of features with these glycoconjugates, the two cell types can 
directly interact, and the HMOS can affect the functions of the glycoconjugates. 
Although the structural–functional relationship is still poorly understood, it is 
most likely that the specifi c nature of this interaction is one reason for the great 
structural variety of HMOS. The structural and functional aspects of HMOS and 
prebiotic oligosaccharides of non- milk origin have been intensively reviewed by 
Bode, 31  Vos  et al. , 32  Boehm and Moro, 33  and most recently by a Task Force of The 
Institute of Life Sciences. 34  

 The complex structures of HMOS have made them diffi cult to synthesize for 
the development of dietary products. They are similar in some respects to the 
oligosaccharides found in the milk of domestic animals, but human milk contains 
up to 100 times as many oligosaccharides as animal milk. 19,20  As a consequence, 
several carbohydrate structures of non- milk origin with the potential to at least 
partially mimic HMOS functions are currently being investigated. 34,35  

 In the most relevant studies of dietary intake during infancy, HMOS and the 
prebiotics used as a substitute in infant formulas were not considered to be fi bre 
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and were consequently excluded from the data analysis, 36–39  with only fi bre 
derived from weaning food taken as relevant. 37  When solid food is introduced into 
an infant’s diet, the morphological and functional development of the 
gastrointestinal tract and intestinal microbiota are not yet complete. Since dietary 
fi bre deriving from weaning foods can also be fermented by intestinal microbiota, 
this type of fi bre does contribute to the transition of the intestinal microbiota 
towards the composition seen in adults, and also exerts several other effects 
traditionally referred to as fi bre effects, such as infl uencing stool consistency. 4,5  

 This chapter considers the HMOS and their prebiotic substitutes of non- milk 
origin as soluble fi bres, along with the dietary fi bre derived from weaning foods. 
Their physiological functions will be discussed, with particular focus on the 
developmental aspects of the gastrointestinal tract, the intestinal microbiota, and 
the immune system during the fi rst year. Since there is increasing evidence that 
diet during infancy has an impact on metabolic and immune programming, the 
possible effects of dietary fi bre intake during infancy on health in later life will 
also be briefl y discussed.  

   21.2  Non- digestible carbohydrates in human milk 
 The main carbohydrate in human milk is lactose, which provides approximately 
50% of the total energy consumed by the infant. In addition, human milk also 
contains up to 1.2 g per litre of complex carbohydrates, commonly referred to as 
HMOS. The term ‘oligosaccharides’ refl ects the fact that these substances were 
initially discovered only as very small molecules. 17  In 1980, the Joint Commission 
on Biochemical Nomenclature (JCBN) defi ned oligosaccharides as carbohydrates 
with a degree of polymerization of up to 10, 40  but advances in analytical techniques 
have led to the detection of structures with over 50 monomers. 18–22,41  In 1990, the 
British Nutrition Foundation defi ned the limit between oligosaccharides and 
polysaccharides at a degree of polymerization of 20; 42  however, since there is no 
physiological reason for the defi nition to be based on a specifi c degree of 
polymerization, in 1997 the JCBN came to the conclusion that no defi nitive 
distinction between oligosaccharides and polysaccharides can be drawn. It has 
been concluded that the term ‘oligosaccharides’ should be used for clearly defi ned 
structures, whereas the term ‘polysaccharides’ should refer to polymers of 
unspecifi ed length. 43  

   21.2.1  Structure of non- digestible carbohydrates in human milk 
 The structure of HMOS is very complex: they have a core structure carrying 
lactose (Lac) at the reducing end, which is glycosidically bonded to lacto-N-biose 
units (Gal β 1–3GlcNAc) in type 1 structures or to lactosamine structures (Gal β 1–
4GlcNAc) in type 2 structures. The monomers are either  β 1,3-linked, resulting in 
elongated linear structures, or  β 1,6-linked, building branched oligosaccharides. 
Various fucosyltransferases and sialyltransferases link these core structures to 
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fucose ( α 1–2,  α 1–4, or  α 1–6 linkages) and to sialic acid (N-acetyl neuraminic 
acid) ( α 2–3 or  α 2–6 linkages) at different positions in the core molecule. 18–22  

 The milk of domestic animals also contains oligosaccharides, but, in comparison 
to human milk, the concentrations of oligosaccharides in these milks are much 
lower and their structure is less complex. 23,24  However, the  β -glycosidically 
bonded galactose is also characteristic of many of these oligosaccharides, 
protecting them – like HMOS – from digestion during passage through the human 
intestine. In contrast to HMOS, though, linkages to fucose are very rare, and 
linkages of galactose and N-acetylglucosamine are dominant. The exact structure 
and nature of the linkages vary between species. The oligosaccharides found in 
the milk of domestic animals are extensively reviewed by Urashima  et al.  20  Based 
on the structure of these oligosaccharides, it can be assumed that they can also 
provide functional benefi ts in humans. However, the isolation of these compounds 
is diffi cult, and large- scale preparations have therefore not been commercially 
available as yet. Consequently, no human clinical trial has been published to date 
using fractions of animal milk oligosaccharides. 

 Little is known about the effect of the maternal diet on the expression of 
oligosaccharide structures in human milk. Since these structures are effectively 
absent from a normal adult diet, and are poorly absorbed, they are wholly 
synthesized by the breast tissue. 20  The genetic background of the lactating mother 
therefore plays an important role in the composition of the HMOS in any one 
individual. Several studies have been carried out on the effect of the secretor 
status (based on the Lewis blood groups) of the mother and the composition of the 
HMOS fractions, 22,44,45  with signifi cant variation observed between individuals. In 
addition, signifi cant qualitative and quantitative changes can be observed over the 
period of lactation. 22,46   

   21.2.2  Functions of non- digestible carbohydrates from human milk 
 The physiological consequences of the broad variation between individuals are 
not yet fully understood. However, there is increasing evidence that HMOS 
provide a wide spectrum of specifi c biological functions to the developing infant, 
which might explain the high number of different structures in the HMOS fraction. 

  Prebiotic function 
 In the human intestine, there are no enzymes able to digest HMOS. 47  They can pass 
through the small intestine and reach the colon as intact molecules; the new 
defi nition means that they are therefore considered to be fi bres. Since the closure 
of the gut is not complete, 48  a small portion can be absorbed 49  and is excreted by 
the kidneys. 50  Several intestinal microorganisms are able to metabolize HMOS, 51–56  
indicating that one part of their function is to stimulate the selective growth of 
benefi cial colonic bacteria. 11,12  In fact, the intestinal microbiota of breast- fed infants 
differ signifi cantly from those of formula- fed infants. 23  

 The selective fermentation of HMOS by the colonic microbiota not only results 
in the characteristic composition of intestinal microbiota in breast- fed infants but 
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is also accompanied by low faecal pH and a specifi c short chain fatty acid (SCFA) 
pattern. The faecal SCFA are characterized by a high proportion of acetate (87%), 
while propionate (11%) and butyrate (2%) can also be detected. 57,58   In vitro , the 
SCFA and low pH depress the growth of several pathogens, 59  as well as specifi cally 
stimulating the synthesis of Mucin 2, which in turn infl uences the protective effect 
of the intestinal epithelium. 60  These  in vitro  data are in line with the observation 
that infants with low faecal pH and the SCFA pattern described above have 
reduced numbers of faecal pathogens. 33  

 In summary, there is evidence that human milk is an important source of 
prebiotic compounds, which play a crucial role in the development of intestinal 
microbiota after birth. Since evidence also shows that the intestinal microbiota 
play a key role in the postnatal development of the immune system of the infant, 
breast feeding is considered to be the best protection against infection and 
immune- related diseases. 61–72   

  Interactions with glycoconjugates on biological surfaces 
 Since glycoconjugates are very important components of the surface structures of 
human cells, bacterial ligands and several toxic substances, it can be hypothesized 
that HMOS with a similar structure can directly interact with the respective 
surface structures. Acidic HMOS might play a particularly important role in this 
function of HMOS. 

 One aspect of these interactions is the role of HMOS as receptor analogues for 
pathogens. The structure of several ligands of pathogens (both bacteria and 
viruses) and pathogenic substances consist of glycol structures which are also 
found in the HMOS fraction. 19,20  There is evidence that these structures act as 
receptor analogues that compete with the ligands on the surface of the intestine, 
thereby preventing the adhesion of the pathogens on the epithelial surface. Since 
the adhesion of these pathogens is the fi rst important step of the infection cascade, 
its prevention results in protection against intestinal infection. In fact, this type of 
anti- adhesion effect has been demonstrated for clinically relevant pathogens such 
as  Streptococcus pneumoniae , 73  different strains of enteropathogenic  Escherichia 
coli  74  and their toxins, 75   Campylobacter jejuni  76,77  and  Helicobacter pylori , 78  and 
is considered an important part of the anti- infective and protective function of 
breast feeding. 63,73,74  There are many different target structures, 20  which might in 
part explain the great variation observed in HMOS structures. 

 The structural analogy between HMOS and glycoconjugates on cellular 
surfaces is probably the basis for direct interactions with intestinal and immune 
cells. Such direct interactions have been described for oligosaccharide- specifi c 
induction of infl ammatory cytokines in schistosoma- infected mice, 79,80  binding of 
selectins, 81  dendritic cell- specifi c C-type lectin, 82  integrins 83  and Toll- like 
receptors. 34  In an  in vitro  study with separated white blood cells from cord blood, 
incubation with HMOS separated from human milk samples 84,85  resulted in a 
decrease of regulatory T cells. 86  In this experiment, the acidic fraction of HMOS 
was more effective than the neutral fraction, indicating that acidic HMOS has a 
specifi c role to play in direct interactions with immune cells. 87  
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 In addition, initial results from data analysis indicate that HMOS are part of the 
ingredient set that promotes mineral absorption, infl uences lipid metabolism, and 
might be important for the supply of amino acids like lysine and for optimal brain 
development. 88–90  These properties are partially linked to their prebiotic effect, but 
early indications suggest that direct interactions with epithelial cells also play a 
role. The latter hypothesis is mainly based on animal experiments or human data 
in adults. 34  Further research is therefore required to prove this fascinating hypothesis 
of direct functional infl uence of HMOS on different cell types during infancy. 19,21,31  

 In summary, a number of questions still remain regarding the relationship 
between the structure of oligosaccharides and their biological function. Further 
research is needed in the future in order to identify which structural elements in 
HMOS are most important for their function.    

   21.3   Soluble non- digestible carbohydrates of 
non- human milk origin 

 The complexity of the structure of HMOS has so far made it impossible to produce 
identical structures for inclusion in infant formulas. The structure of the 
oligosaccharides found in the milk of domestic animals indicates that they might at 
least partially mimic the functions of HMOS, being able to act as prebiotics, and 
possibly also to directly interact with immune and epithelial cells, as extensively 
reviewed by Urashima  et al.  20  However, isolating these oligosaccharides from milk 
or milk products requires extensive technological effort; thus none of these substances 
has so far been used as a component of commercially available infant formulas. 

 There has consequently been a great deal of research carried out with the aim 
of identifying non- milk substances that might at least exert a prebiotic function. 
Such substances can be found in bacteria, fungi and plants, can be derived from 
the hydrolysis of natural polymers by enzymatic cleavage and can be synthesized 
from monomers or small oligosaccharides. As mentioned above for HMOS, the 
term oligosaccharides is used for defi ned structures independent of molecular 
size, whereas the term polymers is used for structures of unspecifi ed length. 40  

   21.3.1   Structure of non- digestible carbohydrates of non- human 
milk origin 

 The use of prebiotics was not initially designed for infants, as the fi rst data were 
obtained in adults and the elderly. 34,91,92  The selection of structures with prebiotic 
effects was mainly based on two factors: resistance against intraluminal digestion, 
or at least low digestibility during passage through the small intestine; and 
selective metabolization by the benefi cial intestinal microbiota, like that observed 
in HMOS. 93–102  In the early 1990s, when the prebiotic concept was adapted for use 
in infant nutrition, prebiotic substances already identifi ed in previous studies on 
adult nutrition were considered and tested for use in infancy. 35,103  More recently, 
acidic oligosaccharides deriving from the degradation of pectin (pectin-derived  
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acidic oligosaccharides, pAOS) have been investigated as new soluble 
fi bres. 32,34,87,103,104  These oligosaccharides have been specifi cally developed for 
infants on the basis of the use of carrot soup as a traditional dietary treatment for 
diarrhoea. 105   Table 21.1  shows the available non- digestible oligosaccharides 
which have demonstrated prebiotic effects in infants. 

 The most extensively studied prebiotic oligosaccharides in humans are GOS and 
inulin/FOS. 34–36  There is a consensus that both of these exert prebiotic effects in 
humans at every stage of life. In infancy, a specifi c mixture consisting of 90% GOS 
and 10% long chain FOS (lcFOS) at a concentration of up to 0.8 g/100 ml is the only 
prebiotic ingredient included in the EU directive for compounds in infant formulas. 106  

 The inulin- type fructans are linear or branched fructose polymers, which are 
either  β 2–1-linked inulins or  β 2–6-linked levans ( Table 21.1 ). 107  They can easily 
be extracted from plant sources and have been widely used as ingredients in 
dietary products. In their natural state, the size of the molecule varies signifi cantly 
(from a polymerization degree of 2 to over 60). Because biological activity varies 
according to molecule size, 97,98  they are separated from natural inulin divided into 
short chain FOS (scFOS) with a degree of polymerization of up to 10 monomers, 
and lcFOS with a degree of polymerization above 10 monomers. 

 GOS are synthesized from lactose via enzymatic transgalactosylation using a 
 β -galactosidase of mainly bacterial origin. 108  These GOS consist of a chain of 
galactose monomers, usually with a glucose monomer on the reducing terminus. 
The degree of polymerization is up to 10 monomers. In some studies they are 
defi ned as short chain GOS, but this term is used inconsistently used: in practice, 
GOS and scGOS can be considered to be synonymous.  

   21.3.2   Functions of non- digestible carbohydrates of 
non- human milk origin 

  In vitro  experiments demonstrate that intestinal bacteria can metabolize several 
sugar structures, and, provided that they can pass the small intestine undigested, 

    Table 21.1     Soluble non- digestible carbohydrates tested for prebiotic effects in 
human infants  

 Ingredient  Source  Studies in 
infants 

 No. of tested 
infants 

 GOS  Enzymatic synthesis from lactose   2   112 
 FOS /inulin  Extraction from natural sources  11   714 
 Lactosucrose  Enzymatic synthesis from sucrose   2    18 
 GOS + lactosucrose   1   150 
 scFOS + inulin   1    20 
 GOS + lcFOS  20  1511 
 GOS + lcFOS + pAOS   4   548 

   Notes: OS, oligosaccharides; GOS, galacto- oligosaccharides; FOS, fructo- oligosaccharides; pAOS, 
pectin-derived acidic oligosaccharides; lc, long chain; sc, short chain.     
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they can theoretically be used as prebiotic ingredients. 51–56  There is some initial 
evidence to suggest that they, like HMOS, might also adhere to the cellular 
surface, resulting in direct cellular responses. 32,60,86,87  

  Prebiotic function 
 As it is widely accepted that the intestinal microbiota play an important 
physiological role in the host, a number of attempts have been made to infl uence 
the intestinal microbiota through dietary intervention. 11,33,34,91,92  As mentioned 
above, the composition of the intestinal microbiota of breast- fed infants differs 
signifi cantly from that found in formula- fed infants. There is strong evidence that 
the intestinal microbiota that develop during breast feeding support a healthy 
postnatal development of the infant. 33,34  The aim of adding prebiotic ingredients in 
infant formula is therefore to make the intestinal microbiota of formula- fed infants 
closer to those found in breast- fed infants. 

 In principle there are two major strategies that can be used to infl uence the 
intestinal microbiota. One is the use of living bacteria added to food, which must 
survive the gastrointestinal tract to be active in the colon: these are known as 
probiotics. 109  The second strategy is the use of dietary ingredients that are non- 
digestible, reach the colon and can be used by health- promoting colonic bacteria: 
it is these that are known as prebiotics. 91  

 During the past decade, signifi cant advances in microbiological methods have 
provided important insights into the physiology of the microbiota and their 
contribution to the functionality of the host. 11  Based on these insights, the fi rst 
approach to prebiotics, published in 1995, has recently been updated. 92  The 
authors conclude that prebiotics have to be resistant until they are fermented by 
the intestinal (i.e. not only colonic) microbiota. The balanced stimulation of 
growth and/or activity of the health- promoting microbiota in the gastrointestinal 
tract is only useful if changes in the composition of the intestinal microbiota 
provide any health benefi t for the infant. 92  

 There is evidence that different microbiota metabolize specifi c prebiotic 
structures, indicating that the effect of a prebiotic compound (whether a single 
ingredient or a mixture) is dependent on its structure, the quantity reaching 
the colon and the existing composition of the colonic microbiota. The prebiotic 
effect must therefore be demonstrated for all new ingredients, mixtures and 
dosages. 106  To date, the results of a number of clinical studies in infants have 
been published, using GOS, 110,111  scFOS, 112–121  inulin, 122,123  lactulose, 124,125  a mixture 
of GOS/lactulose, 126  a mixture of scFOS/inulin, 127  a mixture of GOS/lcFOS 128–158  
and a mixture of GOS/lcFOS/pAOS 159–162  as the prebiotic compound (see 
 Table 21.2 ). 

 The faecal bifi dobacteria count and the percentage of total bacteria composed 
of faecal bifi dobacteria are the generally accepted markers of a prebiotic effect. 
However, for a compound to be defi nitively classifi ed as a prebiotic, it must 
demonstrate resistance to intestinal digestion and absorption, fermentation by 
intestinal microbiota and the selective stimulation of growth and/or activities of 
intestinal microbiota benefi cial to the health or well- being of the infant. 92  
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 Low digestibility has been demonstrated for GOS and lcFOS through the 
detection of these two structures in the faeces of term infants fed with a formula 
supplemented with a mixture of both. 130  The fermentation of prebiotics has been 
demonstrated by analysing the faecal SCFA pattern and faecal pH, which was 
found to be reduced in infants fed GOS, 111  lactulose, 124  a specifi c mixture of GOS/
lcFOS 129,132,139,141  and a mixture of GOS/lcFOS/pAOS. 159  In contrast, there are two 
studies that demonstrate that scFOS has no effect on faecal pH. 116,119  A SCFA 
pattern close to that found in breast- fed infants was observed in infants fed 
scFOS, 123  and a mixture of GOS/lcFOS also resulted in a similar pattern. 132,139  The 
similarity in the pH and SCFA pattern between breast- fed infants and those fed 
using a formula containing a specifi c mixture of GOS/lcFOS indicates that both 
diets selectively stimulate comparable or similar parts of the intestinal 
microbiota. 48,60  The selective stimulation of the growth of intestinal bacteria 
has also been demonstrated by analysing the composition of the faecal 
microbiota. Increased bifi dobacteria counts have been found in infants fed 
GOS, 110,111  scFOS, 112,118,121  inulin, 122  lactulose, 125  a specifi c mixture of GOS/
lcFOS 129,131–135,138,141,146,149–151,155  or a mixture of GOS/lcFOS/pAOS. 159,160  The 
stimulation of  Lactobacillus  microbiota was achieved with GOS, 110,111  a specifi c 
mixture of GOS/lcFOS, 129,132,134,151  and a mixture of GOS/lcFOS/pAOS. 160  In two 
studies with the specifi c mixture of GOS/lcFOS, the  Bifi dobacterium  microbiota 
were very similar to those found in breast- fed infants. 132,133,150  A reduction in 
pathogenic bacteria was found in infants fed scFOS 118  or a specifi c mixture of 
GOS/lcFOS. 132,135,150  

 There is some evidence to suggest that the specifi c stimulation of growth of a 
limited number of bacteria has clinical relevance, since early intestinal colonization 
with specifi c microbiota is thought to be associated with the development of 
allergic symptoms later in life. Bjorksten  et al.  163  found that allergic infants in 
Estonia – a country with a low prevalence of allergies – were colonized by 
lactobacilli and bifi dobacteria to a lesser extent than allergic infants in Sweden, 
which has a high prevalence of allergies. In contrast, the Estonian infants were 
more frequently colonized with aerobic pathogenic micro- organisms, particularly 
coliforms and  Staphylococcus aureus , compared with the Swedish infants. It was 
also found that allergic infants had more adult- like species in their faecal fl ora, 
including  B. adolescentis , compared with healthy infants, in whom  B. bifi dum, B. 
infantis  and  B. breve  predominated. 164  Similar fi ndings have also been reported in 
Japanese infants suffering from atopic dermatitis. 165  This suggests that different 
bacterial species may have different functional effects on the immunological 
reaction of the host. Specifi c modulation of the composition of the intestinal 
microbiota through the use of prebiotics is therefore expected to have an impact 
on the correct functioning of the immune system. 

 In summary, the bifi dogenic effect during infancy has been demonstrated using 
different prebiotics but has been shown to be particularly effective with a specifi c 
mixture of GOS/lcFOS (ratio 9:1, maximal dosage 0.8 g/100 ml, corresponding to 
the concentration of neutral HMOS in mature breast milk). Due to the very 
complex composition of the intestinal microbiota, and considering the great 
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variety of structures found in HMOS, it is possible that mixtures of different types 
of oligosaccharides and different chain lengths which are combined to meet the 
metabolic requirements of different bacteria will be better able to mimic the 
prebiotic effect of breast feeding than individual compounds.  

  Effect on intestinal physiology 
 The SCFA play an important role in the regulation of intestinal motility, 166,167  and  in 
vitro  data provide evidence that they interact with different intestinal cells. The 
infl uence of a specifi c mixture of GOS/lcFOS on intestinal motility has been measured 
in two studies in preterm infants. Infants fed a formula supplemented with these 
prebiotics had signifi cantly faster gastric emptying time 158  and a signifi cantly reduced 
gastrointestinal transit time 157  compared with infants fed a formula with a placebo. 
The data from the infants fed with prebiotic formula were similar to those observed 
in breast- fed infants. Feeding formula supplemented with prebiotics resulted in softer 
stools: this is documented for short fructo-oligosaccharide (sFOS), 115,119,120  a mixture 
of GOS/lactulose 126  and a specifi c mixture of GOS/lcFOS. 128,129,131,154,155,157,161  In a few 
studies, this was also accompanied by an increased number of stools per day, when 
GOS/lactulose 126  or a specifi c mixture of GOS/lcFOS 155  was used. 

 The effect of the prebiotics on the transit time and the viscosity of the stool 
results in better gastrointestinal tolerance of formula feeding. An improved 
tolerance (particularly fewer cases of constipation and gastrointestinal colic) has 
been described in infants fed on formula containing scFOS 120  and a mixture of 
GOS/lcFOS. 136,137,154,155  This effect could be of clinical relevance, particularly for 
preterm infants. 154,157,158  

 There is evidence that prebiotics improve mineral absorption in adults. 168,169  
This effect has been little studied in infants, with the exception of one small study 
in preterm infants using a mixture of GOS/lcFOS. 170  The results of this study do 
suggest that prebiotics have a positive effect in this regard, but the small sample 
number and the indirect nature of the measured parameter (namely the proportions 
of calcium/phosphorus in urine) do not allow any fi rm conclusion to be drawn. 

 Finally, SCFA have been shown  in vitro  to stimulate mucin 2 secretion and 
to improve intestinal barrier integrity, 60  indicating that they have the potential to 
infl uence the physiological role of intestinal cells. In combination with a pH of 
below 6, they slow the growth of several pathogens, 59  which could contribute to 
the anti- infective effect of prebiotics (see  Effect on immune system ).  

  Effect on immune system 
 In the fi rst weeks/months of life, an infant’s intestinal barrier is still not complete 
and the immune system is imbalanced, leading to the risk of developing allergies 
to food antigens. 171,172  The avoidance of food antigens early in life is therefore 
often recommended. 173,174  However, there is also evidence that early presentation 
of antigens might play an important role in stimulating the maturation of the 
mucosal immune system, causing increased tolerance to food antigens. 175,176  The 
intestinal microbiota also play an important role in the stimulation and maturation 
of the immune system. 26–30,177–179  Since soluble fi bres contribute to the quantity and 
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quality of the intestinal microbiota, prebiotics therefore infl uence the development 
of the immune system. 180  

 The relationship between prebiotics and the immune system is very complex 
and not fully understood. The complexity of these relationships is a result of the 
fact that the intestinal microbiota consist of more than 800 species, 181  which might 
all play distinct individual roles in the stimulation of the immune system. 
Moreover, the immune system also consists of several different layers, which are 
affected differently by intestinal microbiota. 71,180  Ethical limitations make it 
practically impossible to perform clinical studies in humans to obtain insights into 
the mechanisms by which prebiotics affect the immune system. Studies in animals, 
particularly mice, are therefore used as an alternative, 182  but systematic data from 
animal studies are available only for the prebiotic mixture of scGOS and lcFOS. 32,33  

 The effect of the mixture of scGOS/lcFOS on the vaccination response and the 
stimulation of Type 1 T helper cell (Th1) in mice has been investigated. 183  The 
animals were vaccinated against infl uenza, with a booster vaccination given 21 
days after the fi rst. Thirty days after the fi rst vaccination, different parameters 
were measured to identify the response to the vaccination (ear swelling after local 
testing with the vaccine, plasma titres of specifi c antibodies, T-cell proliferation, 
cytokine production, natural killer cell activity, and  ex vivo  lymphocyte 
stimulation). All data demonstrated a modulation of the immune system towards 
Th1. Evidence from different studies has shown that the effect of the prebiotics on 
the immune function is mainly mediated by their infl uence on the intestinal 
microbiota, 183  which clearly indicates the signifi cance of these data for humans. 

 In order to evaluate the possible infl uence of prebiotics on any allergic reaction, 
a mouse model has been developed using ovalbumin as an antigen. 184  After several 
inhalation tests (21, 24 and 27 days after fi rst sensitization), the effect of dietary 
fi bres on the allergic reaction was evaluated on the basis of several parameters 
(airway responsiveness, lymphocyte profi le in bronchial lavage fl uid, different 
antibody levels in plasma). All the data obtained from these experiments indicate 
that the specifi c prebiotic mixture reduces the allergic reaction to ovalbumin. 184,185  

 The data from the animal experiments allow us to conclude that prebiotics are 
able to modulate the immune system, mainly through changes in the intestinal 
microbiota. Some data could also be interpreted as a direct effect of the studied 
prebiotics on intestinal immune cells, 32,87  but this hypothesis requires further 
investigation. Although the mechanisms by which the prebiotics carry out their 
function are not fully understood, the animal data lead to the conclusion that prebiotics 
might indeed have an impact on the prevention of infection and allergic diseases. 

 Following international recommendations, 182  several clinical trials have been 
performed on the basis of the data obtained from the animal experiments, and are 
discussed below. Since evidence from animal studies suggested that prebiotics 
might reduce the risk of the occurrence of allergic diseases and might stimulate 
defences against infection, the trials were designed to focus on these two clinical 
outcomes. As a secondary aim, attention was also paid to the immunological 
biomarkers which might be useful in evaluating the impact of prebiotics on the 
immune system. 
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 The fi rst study to measure clinical outcomes was performed in a cohort of 210 
infants at risk of developing allergies, assessed on the basis of family history. The 
infants were randomized and fed a hypoallergenic cow’s milk formula (the cow’s 
milk protein was extensively hydrolysed to avoid antigen overload) supplemented 
with either 0.8 g scGOS/lcFOS (ratio: 9.1) or the same quantity of maltodextrin as 
a placebo. After six months, the fi rst allergic symptom – atopic dermatitis – was 
signifi cantly lower in the group fed the prebiotic formula than in the group fed the 
placebo formula. 141  This effect was accompanied by a reduction in some infectious 
episodes. 144  Both the reduction in the allergic symptoms and the reduction of the 
infection rate support the hypothesis that the animal data are indeed relevant to 
humans. The cohort was followed up to the age of 5, and the effect was observed 
over the whole period even though supplementation was halted after 6 months. 
This indicates that the effects of intestinal microbiota on the immune system 
established during the fi rst few months remain relatively stable over a longer 
period: this observation is also supported by other studies. 163–165  

 The effect of the prebiotic mixture scGOS/lcFOS (0.4 g/100 ml formula) on the 
occurrence of infectious episodes during the fi rst year was studied in a cohort of 
healthy infants. The concentration of prebiotics in this study was only half of that 
used in previous studies to obtain a reduced rate of infectious episodes during the 
fi rst year. 152  

 More recently, the specifi c mixture scGOS/lcFOS was enhanced using acidic 
oligosaccharides derived from pectin degradation. 153  These pectin- derived 
oligosaccharides have an acidic load, enabling these molecules to adhere to the 
epithelial surface as fi rst described by Guggenbichler  et al.  104  This therefore 
suggests that they inhibit the adherence of pathogens, thereby directly reducing 
the risk of infection, in addition to their prebiotic effect. 159,160  In fact, a study of 
preterm infants fed this mixture (80% scGOS/lcFOS + 20% pAOS) resulted in a 
generally lower infection rate. 161  In a large multicentre trial, approximately 1200 
healthy term infants without familial risk of developing allergies were fed the 
same prebiotic mixture, resulting in a reduction of the cumulative incidence of 
infection from 11.2% to 6.5% after 1 year of observation. 162  These results clearly 
provide support for the data observed in the study of infants considered at risk of 
developing allergies. 

 A challenge facing all clinical studies is that, due to the complexity of the 
immune system, it has no single biomarker. Several different markers of the 
immune system must therefore be taken into account. A group of experts recently 
classifi ed the biomarkers for immune modulation into three categories: high, 
medium and low suitability. 186  Vaccine- specifi c serum antibody production, 
vaccine- specifi c or total secretory IgA and the response to attenuated pathogens 
were all classifi ed as markers with high suitability. Markers with medium 
suitability were judged to include natural killer cell cytotoxicity, oxidative burst 
of phagocytes, lymphocyte proliferation and the assessment of the cytokine 
pattern produced by activated immune cells. Since no single marker allows fi rm 
conclusions to be drawn about the modulation of the whole immune system, 
combining markers with high and medium suitability is currently the best approach 
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for the measurement of immune modulation in human nutrition intervention 
studies. Most recently, results from animal tests and initial human studies have 
indicated that immunoglobulin- free light chains are involved in triggering the 
allergic process 187,188  and might be suitable as a sensitive biomarker of the immune 
system in infants. 189  

 As outlined in  Table 21.2 , several of these biomarkers have been investigated 
with inconsistent results. In healthy infants without risk of developing allergies, 
many of the described biomarkers remain unchanged during exposure to 
prebiotics, 148,190  which might indicate that a normal and balanced immune system 
cannot be further ‘improved’. On the other hand, the stability of the immune 
system against prebiotics can be seen as an argument in favour of the safety of 
prebiotics. 34,148  

 In summary, the data clearly indicate that soluble fi bres acting as prebiotics 
can positively infl uence the postnatal development of the immune system and 
can contribute to better health during infancy. Epidemiological data indicate 
that this positive infl uence exerted by prebiotics on the immune system will 
have long- term consequences. 163–165  Prebiotics may therefore be included 
among the recommended strategies to prevent immune- mediated diseases later 
in life.    

   21.4  Insoluble non- digestible carbohydrates 
 Dietary fi bres are traditionally defi ned as a portion of plant material that human 
gastrointestinal enzymes cannot digest. They consist of polysaccharides, which 
are structural 191  or storage components 192  of the plant cell wall. Some disperse in 
water and appear as soluble fi bres, but the majority of plant cell polysaccharides 
constitute insoluble fi bres. In its natural form, plant material contains a mixture of 
soluble and insoluble fi bres. In the following sections of the chapter, the main 
plant structures and their possible physiological functions during infancy will be 
explained. 

   21.4.1  Structure and functions of insoluble non- digestible carbohydrates 
 A wide range of complex polysaccharide compounds make up the structural or 
storage components of the plant cell wall. During the division of plant cells, a 
pectin- rich membrane is built. On the inner surface the primary cell wall develops, 
which consists mainly of celluloses, hemicelluloses and pectins. The external 
secondary cell wall is composed of different layers of celluloses and hemicelluloses, 
and a small part is based on pectins. The secondary cell wall is also stabilized by 
the incorporation of lignin. 193  

 Celluloses consist of approximately 150 unbranched helical structured 
polymers formed by 2000–8000 (1–4)-linked  β - D -glucose units. Hemicelluloses 
of the xylan type vary signifi cantly according to the botanical source. Their 
structures are based on ( β 1–4)-linked xylose monomers. Hemicelluloses of the 
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xyloglucan type consist of cellulose- like backbones, but up to 75% of the glucose 
residues are substituted by (1–6)-linked  β - D -xylose monomers. Pectic 
polysaccharides consist of galacturonic acid and rhamnose main chains with side 
chains containing arabinose, galactose and some other monomers in lower 
quantities. In general, the cell walls of growing dicotyledon plants consist of 
approximately 30% celluloses, 25% xyloglucans, 5% glucans, 15% 
homogalacturonans, 15% rhamnogalacturonans, and 5% glycoproteins. 193  

 During the weaning period, the infant mainly receives fi bres from bran fl akes, 
precooked cereal grains, leafy green vegetables and legumes, and fruits. 37  The 
weaning diet therefore provides the infant’s gastrointestinal tract with a very 
complex pattern of insoluble fi bres. 

 One important aspect of the possible functions of dietary fi bres is their 
fermentability by intestinal microbiota. The complexity of the structure and the 
molecule size defi ne the rate of metabolization by the intestinal microbiota. The 
part that can be fermented has physiological consequences similar to those 
described for the soluble oligosaccharides. The remaining non- fermented part 
plays a role in determining the viscosity of the intestinal intra- luminal phase and 
is responsible for stool bulking. Since the fermentation by intestinal microbiota 
has a signifi cant effect on the physiological role played by dietary fi bres, the 
soluble and insoluble fractions of plant fi bres are linked even though their dietary 
effects are different. 

 During breast feeding, the infant has no dietary intake of plant material. In 
developed countries, the introduction of weaning food begins at the age of 4 to 
6 months. The World Health Organization recommends breast feeding for the fi rst 
6 months. 3  After the period of exclusive breast milk or milk formula feeding, the 
infant’s diet changes and begins to more closely resemble the usual diet of the 
family. During weaning, plant material from different sources is introduced into 
the infant’s diet. Although human clinical trials exist that focus on soluble fi bres 
with prebiotic effects in infants, there have been no equivalent clinical trials 
studying the physiological effects of insoluble fi bres during the weaning period. 
No valid data, therefore, exist regarding any specifi c function of insoluble fi bres 
during the fi rst year. 

 However, the data from studies relating to later stages of life demonstrate the 
impact of these insoluble fi bres on intestinal physiology and health; these fi ndings 
might also prove relevant for infants. There is increasing evidence that specifi c 
plant polysaccharide structures might be able to modulate the immune system. 194  
However, in animal studies, no immune modulator effect could be observed 
when a mixture of unchanged dietary fi bres was used. 32  Links have also been 
found between the consumption of insoluble fi bres and a lower risk of 
cardiovascular diseases and diabetes, and improved gastrointestinal health 
and weight control. 4  Since these data are not obtained during the fi rst year, no 
defi nitive conclusion can be drawn from these data with regard to the effect 
of insoluble dietary fi bre in infants. However, the results should encourage 
further research in the area, since the impact of early feeding on long- term health 
effects is evident. 195   
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   21.4.2   Dietary recommendations for insoluble non- digestible 
carbohydrates in infants 

 Although intervention studies of soluble fi bre in human infants have been 
published, no similar studies exist for insoluble fi bre. Dietary recommendations 
are therefore necessarily based on a small number of epidemiological studies and 
not on conclusive intervention studies in the target group. Even then, there is a 
limited amount of epidemiological data available about the intake of dietary fi bres 
during the fi rst year. The most commonly used method to estimate the intake of 
dietary fi bres is based on a 3-day record of a weighed diet. The calculation of the 
individual nutrients is performed on the basis of a calculation using nutrient 
databases. These data, therefore, allow no conclusion to be drawn regarding 
specifi c polysaccharide structures. 

 In a German cohort study based on 537 observed infants, the overall intake of 
dietary fi bre increased from 6 months to 12 months (4.45 ± 2.92 g/day vs. 8.88 ± 
2.86 g/day or 0.58 ± 0.38 g/kg x day vs. 1.01 ± 0.33 g/kg x day, respectively). 
Oligosaccharides such as prebiotics or nutritional supplements were not included 
in the analysis. 8  These data are comparable to the results of the Institute of 
Medicine’s 2002 study 196  and of the Feeding Infants and Toddlers Study performed 
in US infants and toddlers in 2004, 38  which also excluded soluble fi bres in the pre- 
weaning period. The data are somewhat higher than those suggested for Italian 
infants (12 months: 3.3 ± 1.9 g/day) by Agostoni  et al.  37  

 Since the data provide no insight into physiological mechanisms or functions, 
the practical outcomes of these studies are somewhat limited. The American 
Dietetic Association stated in 2008 that the dietary reference intakes for infants 
aged from 0 to 12 months have still not been determined. 4  Consequently, specifi c 
recommendations regarding dietary fi bre intakes are very imprecise. The American 
Dietetic Association recommended a variety of plant food between 6 and 
12 months, 4  while Agostoni  et al.  37  recommended up to 5 g fi bres/day, which can 
be easily achieved through adequate intake of fruits and vegetables. In conclusion, 
due to the lack of data, only non- evidence based pragmatic recommendations 
would be possible.   

   21.5  Conclusion 
 The non- digestible carbohydrates found in human milk have highly complex 
structures and have a positive impact on the gastrointestinal tract of infants. 
HMOS are known to stimulate the growth of good bacteria, leading to a lower 
level of pathogenic bacteria, and act as receptor analogues for pathogens, thereby 
blocking the fi rst stage of infection. Breast milk can therefore be considered 
the best method of protecting against infection and immune- related diseases. 
Further research is required, however, in order to identify which structural 
elements in HMOS are most important for their function and to establish the 
nature of the relationship between oligosaccharides and their specifi c biological 
functions. 
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 The complexity of HMOS means that they cannot be easily reproduced for use 
in infant formulas; studies have shown that a specifi c mixture of GOS and inulin/
FOS has a prebiotic effect, and can be added to formula to at least partially mimic 
the effect of the HMOS found in breast milk. A connection has been observed 
between the growth of specifi c benefi cial bacteria (promoted by prebiotics) and 
patterns of allergy development in infants; the same prebiotic mixture has also 
been shown to have physiological effects on the gastrointestinal tract, including 
improved gastric emptying time, greater tolerance of formula feeding, and possibly 
improved mineral absorption. The effect of prebiotics on the immune system has 
been largely tested on animals, but clinical trials on infants have indicated long- 
lasting effects in terms of reducing allergy risk and occurrence of infection. 

 Finally, the effects of insoluble fi bre intake during the weaning stage (in the 
form of bran fl akes, leafy green vegetables, and so on) have been little studied in 
infants, but in adults insoluble dietary fi bre has been connected with a number of 
positive effects, including improvements in the immune system and lower risk of 
cardiovascular disease and diabetes. Further research is required in this area in 
order to draw up accurate recommendations for insoluble dietary fi bre intake for 
infants.   
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