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Preface

Infective Endocarditis is considered to be the fourth leading cause of life threatening infec-
tious disease, and is associated with significant morbidity and mortality. It typically devel-
ops in individuals with an underlying cardiac defect, and usually occurs in close proximity
to lesions subjected to hemodynamic disturbance. These lesions have the ability to generate
turbulent blood flow, which in turn can damage the endothelial surface, exposing the suben-
dothelial matrix. This area becomes highly thrombogenic, leading to platelet deposition and
the formation of a fibrin network. This sterile platelet fibrin nidus, in turn, recruits bacteria
from either a distal source or from a focal infection resulting from transient bacteraemia.
Finally, secondary accumulation of platelets encase the bacteria forming a septic thrombus
rendering them safe from immune attack. Thrombus formation can lead to aortic valve leaf-
let perforation that can manifest itself as acute congestive heart failure.

Treatment of infective endocarditis usually requires a multidisciplinary approach involving
specialists in infectious disease, cardiologists and cardiac surgeons. Current treatment re-
gimes consist of aggressive prolonged antibiotic therapy, frequently combined with surgery.
Prolonged antibiotic use is often less than successful as 40% of patients relapse within 2
months of finishing clinically effective therapy. Furthermore, prolonged exposure to antibi-
otics leads to a greater risk of adding to the global problem of multiple antibiotic resistant
strains of bacteria. Surgery is a costly and risky alternative, however necessary in up to 47%
of patients. In many cases surgery is not preferable due to risks associated with cardiac fail-
ure, further spread of infection leading to persistent sepsis due to surgical removal of an
infected thrombus and/or life threatening embolisation.

Significant advances have been made recently in our understanding of the molecular mecha-
nisms leading to disease progression thus the primary intent in producing this book is to
elevate awareness and enthusiasm in the field. It is based on these recent advances that I
hope it will provide greater understanding of the challenges this complex disease brings.

Dr. Steven W. Kerrigan

Principal Investigator,
Cardiovascular Infection Group,
Royal College of Surgeons in Ireland,
Dublin, Ireland






Chapter 1

Complications of Endocarditis

Yongping Wang and Aifeng Wang

Additional information is available at the end of the chapter
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1. Introduction

Infective endocarditis (IE) is an endovascular infection and inflammation with vegetation
formation, usually caused by infectious agents. Bacterial infection is most common for IE, but
other pathogens such as fungi, richettsia, chlamydia and virus, can also cause IE [1]. The
vegetations vary in size and shape and are composed of platelet and fibrin blocks with plenty
of microbial and small amounts of inflammatory cells inside [2]. IE occurs mostly in the patients
with cardiac abnormalities or lesions including rheumatic heart disease, ventricular septal
defect, patent ductus arteriosus, valvular stenosis or incompetence [3]. Nevertheless, IE can
also be seen in other conditions, such as valve replacement, pacemaker implantation, intrave-
nous drug users and a few people without cardiac lesions. Most patients are young and
clinically exhibit low to mild fever, progressive anemia, asthenia, night sweat, hepatospleno-
megaly and clubbed finger (toe) [1-3].

TheincidenceofIEis30 permillionpersonsperyear[4]. Despitemajorimprovementsindiagnosis
and treatment, the mortality of IE still remains high at 14% of in-hospital and even higher at 20%
to 30% complicated with age and heart failure, especially in developing countries [5,6]. Based
on different criteria, IE can be divided by several classifications. By duration, IE can be classi-
fied to subacute bacterial endocarditis (SBE) and acute bacterial endocarditis (ABE); By culture
result, IE can be divided by staphylococcal endocarditis, streptococcal endocarditis, enterococcal
endocarditis, fungal endocarditis; By individual valve type, IE can be classified by native valve
endocarditis, prosthetic valve endocarditis and endocarditis in intravenous drug abusers [2-4].
As reported in a study with an IE population of 223 episodes, complications occurred in 74%
patients, including cardiac, neurological, septic, renal, embolism and infarction/ abscess [7]. It
also suggests that neurologic and septic complications are the leading causes of death in IE
patients [7]. With the improvement of diagnosis and therapy, the frequencies of IE complica-
tions have changed. For example, septic and embolic symptoms are relatively rare because of
early and adequate dosage of antibiotic therapy [4]. On the contrary, there are increasing
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complications in prosthetic valve IE and intravenous drug abuse patients which may bring new
challenge for clinical diagnosis and therapy. Since there are different diagnostic criteria for IE,
itis difficult to conclude the true incidence of IE [8]. Overall, diagnosis is missed until autopsy
in 38.2% of cases, especially when the patients are absence of fever, cardiac murmurs and other
typical symptoms of IE [9]. In this chapter, several most common complications and related
pathophysiologic process in IE patients will be summarized.

2. Intracardiac infection and local spread

Cardiac complications are the most common complications seen in IE patients, occurring in
one-third to one-half of patients in most recent case series [10, 11].

2.1. Congestive Heart Failure (CHF)

CHF is a leading cause of death in IE patients [12]. The size of nodular or polypoid-like
vegetation varies from 1 micrometer to several centimeters which can block the valve entrance
[13]. The vegetation can cause valvular perforation and lead to prolapse. When the infection
is controlled, valve lesions may still go on with fibrosis and contracture in some cases. All of
these pathologic changes induce valvular insufficiency, mainly involved in aortic valve (50%),
mitral valve (40%) and tricuspid valve (6%) [14]. A study on 511 IE patients show that moderate
or severe congestive heart failure accounts for 44% in total complications [15]. According the
report enrolling 4166 IE patients from multi centers in 28 countries, 33.4% patients have heart
failure and 66.7% of the heart failure patients are classified as New York Heart Association
class III or IV symptom status [16]. The total in-hospital mortality is 29.7% for the CHF cohort.
They conclude that the severities of CHF in IE patients are associated with surgical status and
mortality [16]. Based on the seriousness of CHF in the course of IE patients, the timing for early
prophylaxis and treatment will influence its prognostic significance.

2.2. Cardiac abscess

Abscess is most common in acute patients and may happen anywhere in the heart [17]. The
most frequent cardiac abscess occurs in aortic root of 56.5% of (26/46) IE patients, and the
infecting organism is staphylococcus (52.3%) in patients with abscesses more often than in
those without abscesses (16.2%) [17]. Occasionally, cardiac abscess can cause papillary muscle
rupture, ventricular septal perforation, and even purulent pericarditis when the infection
infiltrates the myocardial wall [13]. Moreover, the infection beyond the valve annulus can
spread to adjacent structures and cause an emergency and higher mortality which can be
observed in 88% of cases [18]. Another study on a large number of cases with valvular ring
abscesses suggests that early identification of abscesses is particularly important to improve
the outcome after timely surgery [19]. They also conclude that the overall operative mortality
is not correlated with patient’s age, staphylococcal infection or abscess fistulization [19].
However, the diagnosis is difficult, especially for small abscesses located on the anterior aortic
wall and mitral abscesses.
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3. Embolic

Embolization is frequently observed in IE patients and can even occur in patients undergo-
ing therapies. IE patients have high prevalence of embolic complications for 13-49% [20]. In
a study of 65 IE patients, a total of 37 (56.9%) patients are diagnosed with a cerebral embolism
(overt 13, clinically silent 24) by blood test, cultures, echocardiography, and MRI/CT imaging
[21]. Their results suggest that both overt and clinical silent central nervous system embolism
are common complications of IE patients and silent embolism needs further imaging tools
for examination [21]. Recently, their group uses some new biological markers, such as S-100B,
to predict embolism in central nervous system during the course of IE [22]. Since most of
the S-100B protein are synthesized by astrocytes and released from damaged neural tissues,
the biomarker provides another specific method for screening CNS stroke in IE patients. An
early study shows that the microorganism, but not vegetations on echocardiography, is
associated with a significantly higher risk for embolus in patients with left-sided IE [23].
With transthoracic echocardiography in predicting embolic events, another group found that
the vegetations bigger than 10 mm were associated with a 50% incidence of embolic events,
while vegetations less than 10 mm had a 42% incidence of emboli in IE patients [24].
Similarly, in the patients who are diagnosed with acute IE and have no confirmed or
suspected embolism before, 44% (25 in 57) have embolic events by using both transthora-
cic and transesophageal echocardiograms [25]. They also suggest the characteristics of
vegetations identified by echocardiograms are not helpful in predicting embolic risk in IE
patients [25]. In combination with clinical antibiotic therapy, embolism occurred in 34.1%
(131 in 384) patients before/after IE diagnosis and in 7.3% (28 in 384) patients after initia-
tion of therapy [26].

Besides neurological embolism, other organs such as spleen, kidney, lung and limbs, are also
involved in rare cases [27, 28]. According to a report by Luaces-Méndez et al, there are 10%
hepatosplenic and renal embolisms infarctions in left-sided IE patients with characteristic
clinical features [29]. But in fungi caused IE, emboli occurs in 25%(41 in 162) patients and
symptomatic embolization appears to be more common of 17% (7 in 41) in peripheral limb,
7% (3 in 41) in pulmonary, 5% (2 in 41) in mesenteric [30].

The characteristics of bacterial embolus are multiple, fragile and movable, so in many cases IE
patients present with stroke, meningitis, brain abscess and bacterial aneurysm.

3.1. Stroke

Ischemic and hemorrhagic strokes are important neurological complications and are frequent
in IE patients during uncontrolled infection. There are about 21% complicated by stroke in 212
IE patients in a study between 1978 and 1986 [31]. In a population of 214 IE patients undergoing
cardiac surgery, the prognosis for patients with uncomplicated ischemic stroke are better than
patients with complicated stroke (meningitis, hemorrhage, or brain abscess) after 20 years
following up [32]. In order to prevent cardioembolic stroke, additional diagnostic tools such
as echocardiography and cardiac magnetic resonance imaging, can be applied to identify the
sources of cardiac embolism. Another investigation in 707 patients who are diagnosed with
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possible IE, strokes occur in 9.6% of total cases, which is lower than previous reports (21 to
39%) [33]. In order to study the relationship between vegetation 2-dimensional size and stroke
in those IE patients, researchers use Duke Endocarditis Database to examine 145 IE patients
and find 23.4% (34 in 145) complicated by stroke, suggesting vegetation 2-dimensional size
and characteristics as predictors for stroke and mortality [34].

3.2. Mycotic aneurysm

If the artery is blocked by the septic embolus, the wall may be necrosised and destroyed, and
then develop bacterial aneurysm. Mycotic aneurysm is rare, about 4% (23 in 513), in IE patients
[15]. Aorta, brain, viscera and limbs can become involved in turn [35]. Patients can show
throbbing lump during the late stage. The disease is easily diagnosed while occuring at
peripheral vessels. However, when the lesion happens in deep arteries such as brain and
mesentery, aneurysm is always ignored until it is broken and bleeding [36]. Mycotic aneurysm
has a high mortality rate for its potential catastrophic rupture but can be prevented by early
diagnostic imaging techniques [37]. Cerebral mycotic aneurysms tend to occur in the more
distal portions of the middle cerebral artery, especially in the region of the sylvian fissure,
which clinically is different from berry aneurysms occurring near the Willis circle [38].

3.3. Cerebral hemorrhage

Cerebral hemorrhage will occur when the vessel is broken in bacterial aneurysm or embolism.
It is easy to develop spotted or patched hemorrhage when there is big area of infarction in the
brain. There are three different mechanisms for cerebral haemorrhage in IE patients: rupture
of a mycotic aneurysm, septic arteritis without aneurysm, spontaneous haemorrhagic trans-
formation of a blank brain infarction [39].

Subarachnoid hemorrhage is a rare but dramatic neurologic complication in IE patients and
is always associated with aneurysm rupture in the early phase [40]. Previous reports show that
high mortality is related to intracerebral haemorrhage [41, 42]. The species of microorganism
seem to have relationship with brain haemorrhage. Data presented in an investigation shows
that brain haemorrhages in 40.7% (35 in 86) IE patients are caused by Staphylococcus aures [43].

4. Hematogenous dissemination

4.1. Metastatic abscess

When the vegetation with infecting bacteria drops off, it will migrate with blood and cause
embolism in the artery. During a report on 118 IE patients, 44 (37.3 %) patients have 46 definite
regions of abscess in total and abscesses present more frequently in endocarditis from aortic-
valve than other valves [17]. If the infection is not controlled well, abscesses can develop in the
spleen, kidney, brain or soft tissues in IE patients. With the improvement of antibiotic treat-
ment, metastatic abscess is relatively rare but still reported in recent years [44-46].
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Splenic abscesses are found in up to 5% IE patients and usually exhibit abdominal pain,
pleuritic or shoulder pain as of diaphragmatic irritation, or persistent fever [47]. According to
the conclusion from 27 patients with splenic abscess, the cases could not survive without a
timely splenectomy surgery [48]. If possible, the patient with IE should be treated first for
splenic abscesses and then splenectomy should be performed for the requirements.[49].

Cerebral abscess is rare in IE patients including suppurative encephalitis, chronic granuloma
and abscess envelope [50]. The time for envelope formation depends on the types of bacteria
and the toxicity, body’s resistance and reaction for antibiotic therapy [51]. According to the
report on a series of cases, miliary microscopic abscesses are more common than macroscopic
cerebral abscess in bacterial endocarditis patients, particularly in patients with acute miliary
infection [41]. Cerebral abscesses in some IE patients are suggested to be related with S.
aureus infection and purulent meningitis [41].

4.2. Toxic encephalopathy

Toxic encephalopathy occurs when plenty of bacteria enter the circulation and cause septice-
mia. In an investigation of 110 patients, 19.1% (21 in 110) show toxic encephalopathy, which
is ranked the second common neurological manifestation of IE patients [52]. Frequently, the
patients display a variety of symptoms, such as early stage of headache, dizziness, hypersom-
nia, nausea, vomit and late stage of hallucination, memory loss, small personality changes,
seizures, disturbance of consciousness. The multiple cerebral emboli and multifocal microin-
farcts cause formation of microabscesses, which may explain the pathophysiological mecha-
nism for acute encephalopathy [53].

4.3. Purulent meningitis

This complication is uncommon and concomitant with cerebral abscess. Sometimes the
intracerebral abscess may enter subarachnoid cavity and cerebral ventricle to invade mening-
es, which will cause purulent meningitis [54]. If Streptococcus anaerobius, bacteroid, Staphylococ-
cus and mixed bacteria are separated in cerebrospinal fluid, it suggests that there are
relationships between meningitis and broken intracerebral abscess.

5. Musculoskeletal complications

The musculoskeletal manifestations include spondylodiscitis, osteomyelitis, septic arthritis
and peripheral soft tissue abscess, which occur frequently in up to 44% cases [55]. Because the
existing of osteoarticular complications, the patients are at a higher risk of having major
embolic events from the central nerve system to lungs [56]. Vertebral osteomyelitis is relatively
rare complication in IE patients. Overall, 4.6% (28 in 606) cases in IE patients have pyegenic
vertebral osteomyelitis [57]. The patients are needed to exclude IE if they have spondylodiscitis
and pre-existing heart disease or microbiologic infection [58]. With MRI as a highly sensitive
and specific tool for diagnosing, patients with spondylodiscitis usually can be found early
before infection has spread to two vertebral body levels.
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In IE patients, the percentages of osteomyelitis and septic arthritis are up to 4.3%, and they
occur more frequently in patients with tricuspid valve involvement [56]. S. aureus are reported
to have higher frequencies than other microorganisms for causing osteomyelitis complication
in IE patients [59]. The infections usually occur at large joints and involve one or more joints,
including the knee, shoulder, elbow, hip and sacroiliac joints [56]. If the patients are infected
with multiple joints but don’t have joint infection or trauma, they are suspicious for septic
arthritis with IE.

6. Inmune-mediated damage

With persistent bacteremia existing in IE patients, clinical manifestations, such as splenome-
galy, glomerulonephritis and arthritis, may present because of cellular and humoral-mediated
immune response [60]. Patients with splenomegaly occur in 20% of cases and are more likely
in patients who have been ill for months rather than for days or weeks. Glomerulonephritis
are most common in S. aureus caused ABE and S. viridans caused SBE with histologic immune
deposits in the glomerular capillary wall [61]. With antibiotic prophylaxis and therapy in IE
patients, the incidence of glomerulonephritis decreases to about 4.5% (9 in 198) in an investi-
gation [62]. Under rare conditions, patients with glomerulonephritis will develop diffuse
proliferative glomerulonephritis and extensive crescent formation with renal failure [63].

Other clinical manifestations, such as arthritis, pericarditis and micro-vessel vasculitis are also
found in IE patients. Vasculitis may cause unspecific signs on skin and mucosa, including
subconjunctival and soft palate petechiae, hemorrhages within the nail beds (splinter hemor-
rhages), oval retinal bleeding spots with white center (Roth spots), painful subcutaneous
nodules on the palms or soles (Osler's nodes), painless bleeding spots on the palms and soles
with diameter of 1 to 4 mm (Janeway lesions) [1]. The pathogenesis for above lesions may be
caused by microemboli and microabscesses in the small vessels of dermis.

In summary, multidisciplinary approaches including clinician microbiologists, radiology,
cardiology and surgery are necessary for treatment of IE with complications. In order to get
better understanding, the complications are classified into several categories although some
features are overlapping or broad. For example, the IE patients with embolic complication can
have metastatic abscess, mycotic aneurysm or cerebral hemorrhage; patients with hematoge-
nous dissemination can simultaneously have embolic and musculoskeletal symptoms. This
content tries to describe the frequency of IE complications and may help for better prophylaxis
and therapy.
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1. Introduction

Infective endocarditis (IE) is a life threatening disease caused by a bacterial infection of the
endocardial surfaces of the heart. It is typified by the formation of septic thrombi or vegetative
growth on the heart valve. Typically, both platelets and fibrin are deposited on exposed
extracellular matrix proteins as part of the normal response to damage of the endocardium [1].
However, this sterile platelet-fibrin nidus facilitates colonisation of the endocardium by bacteria
in the bloodstream [2]. Following attachment, bacteria can recruit platelets from the circula-
tion inducing platelet activation and platelet aggregation. This results in the development of
large macroscopic vegetations which resist infiltration by both immune cells and antibiotics
making IE a difficult disease to treat. These vegetations commonly occur on the heart valves and
can disrupt hemodynamic patterns within the heart. This puts undue force on often already
compromised valves, leading to congestive heart failure [3]. IE is notoriously difficult to treat,
requiring aggressive multi-antibiotic therapy often coupled with surgery to remove vegeta-
tions and/or replace the infected valve [4]. Therapy is successful when all traces of bacteria are
absent from the blood stream. Multiple species of bacteria have been isolated from the infect-
ed vegetations of patients [5, 6] with IE but the streptococci are amongst the most common cause,
second only to the staphylococci whose interactions with human platelets are discussed
elsewhere in thisbook (Chapter X). Indeed, in a recent prospective study, the role of streptococ-
ciinIEis masked by the growing incidence of staphylococcal IE resulting from the increased use
of medical procedures leaving streptococci as a main cause of IE in the normal population [7, 8].

2. The Streptococcus

The streptococci are a large family of gram positive coccus shaped bacteria that reside in the
mouth, intestine, upper respiratory tract and the skin. Most have a commensal relationship
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with their host. However, as opportunistic pathogens they can cause disease if they gain access
to normally sterile sites of the body such as the bloodstream. Most streptococci isolated from
patients with IE are of oral origin [9], normally found colonising the salivary tooth pellicle
through the interactions of surface expressed virulence factors, called adhesins, with specific
moieties or motifs on host proteins or cells. When these streptococci enter the bloodstream
these bacterial components participate in additional interactions with platelets. Whether this
isby design or simply as a consequence of conserved motifs within the human host is unknown
but regardless their interaction with human platelets is a key step in the pathogenesis of IE.

3. Platelet biology I: Haemostatic function

In the absence of infection, platelets act as sentinels of vascular integrity, patrolling the
endothelium for sites of damage. Upon vascular damage these small anucleate cells interact
with exposed extracellular matrix proteins via specific receptors expressed on their surface
and a complex yet coordinated series of interactions and signalling events proceed, culminat-
ing in the formation of a haemostatic plug. Platelet receptor complex GPIb-IX-V recognises
von Willebrand Factor (vWF) bound to exposed collagen fibrils in the subendothelial matrix,
tethering the platelet to the site of damage [10, 11]. This initial interaction is relatively weak
and has a fast on-off rate [12] so the platelet characteristically rolls along the endothelium
breaking and remaking the vVWF-GPIb-IV-X interaction [1]. This ‘rolling’ mechanism slows the
platelet sufficiently for additional receptor-ligand contacts and triggers an intracellular signal
resulting in integrin activation and firm adhesion. Firm adhesion is mediated by a combination
of ligand receptor engagements: integrin a231 - collagen [13-15]; glycoprotein GPVI - collagen
[16]; a5p1-fibronectin [17]; and allbB3 with fibrinogen and vWEF [12, 18]. Once firmly adhered,
the platelet undergoes dramatic rearrangement of its cytoskeleton causing platelet shape
change from its resting discoid form to a dendritic form and finally, to a fully spread platelet
with characteristic filipodia and llamelipodia [19]. During this process, the platelet secretes
signalling molecules, proteins and platelet agonists (ADP, ATP and serotonin) from its
cytoplasmic granules (a- and dense- granules) and synthesizes and secretes thromboxane,
amplifying the platelet response, recruiting and activating nearby platelets. Activated platelets
can undergo platelet aggregation, cross linking with one another via their allbf33 receptors
and the divalent plasma protein fibrinogen. This activation and recruitment of platelets to the
site of injury, in addition to stimulation of the coagulation system and formation of a fibrin
network, forms the haemostatic plug.

4. Platelet biology II: Immune function

The platelet role in haemostasis and thrombosis is well characterised but, at the same time,
their activities can be viewed from an immunological perspective [20]. Their primary role of
maintaining vascular integrity is an essential process in preventing entry of foreign particles
into the blood stream. The epithelial barrier performs a similar function. More specifically,
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however, they produce antimicrobial peptides [21]; possess pathogen recognition receptors
(TLRs)[22, 23]; secrete immunomodulatory molecules [24]; and have specific receptors for
chemokines [25], antibody complexes [26] and complement factors [27]. Critically, as outlined
in this chapter, they interact with and respond to bacteria, all hallmarks of true immune cells.
It is this response, or activation, that is important in the context of IE and provides the basis
for the formation of platelet-bacterial vegetations which characterise this disease.

5. Platelet-bacterial interactions: General observations

Platelet interactions are examined under the broad headings of platelet adhesion, activation
and aggregation. Platelet aggregometry is a useful tool in assessing platelet activation. In
contrast to conventional stimuli such as ADP and thrombin, there is a significant lag time to
the onset of platelet aggregation in response to bacteria [28].The length of this lag is de-
fined by the sum of platelet-bacterial interactions occurring and can vary between donors,
most likely due to variation in the levels of platelet receptors expressed on the surface and
the concentration of plasma proteins. Platelet-bacterial interactions can be categorized into
direct, indirect or mediated by a secreted bacterial product [29]. A direct interaction occurs
when a bacterial adhesin binds directly to a platelet receptor or other surface expressed
component [30]. Bacteria can participate in indirect interactions with platelets through a
bridging protein which binds to the bacterium and then to its cognate platelet receptor [31].
When bacteria enter the bloodstream they can bind plasma proteins through specific plasma
binding proteins or they can simply be recognised by soluble elements of the immune system
such as immunoglobulins and complement proteins. Finally, and less common for the
streptococcal bacteria, a secreted bacterial product may bind to the platelet causing activa-
tion independently of bacterial attachment. The ability of bacteria to propagate platelet
activation and aggregation facilitates growth of the vegetation and effectively encapsulates
the bacteria, hiding them from conventional immune cells and bacterial killing mecha-
nisms. This chapter will focus on the specific molecular events that lead to initiation of IE,
namely recognition of the platelet by the bacteria (and vice versa) and the ensuing intracellu-
lar signalling events that lead to platelet activation and amplification of the platelet re-
sponse. As will be evident from the discussion to follow, platelet bacterial interactions are
heterogeneous in nature and additionally they are multifactorial, with most bacteria
interacting with platelets through more than one mechanism.

6. Streptococcus — Platelet interactions

6.1. Early findings

Streptococcus sanguinis (formally Streptococcus sanguis) is the most common Streptococcus
isolated from the valves of patients with IE [9]. Early studies identified a 115kDa cell membrane
protein that induced platelet aggregation in platelet rich plasma [32]. This rhamnose rich,
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platelet-aggregation associated protein (PAAP) is glycosylated and was amongst the first
identified bacterial glycoproteins [33]. Bacterial glycoproteins are now thought to be almost
ubiquitous, performing critical roles in host adhesion, resistance to complement killing,
maintenance of cell shape and enzymatic activities that release nutrients from complex
carbohydrates [34]. The platelet receptor for this protein has not been confirmed, however, an
early study showed that S. sanguinis did not induce platelet aggregation in a patient who failed
to respond to collagen suggesting the role of a collagen receptor, possibly a,3; [35]. Addition-
ally, Gong et al. isolated platelet membrane proteins of molecular weights 175 kDa, 150 kDa
and 230 kDa that interacted with S. sanguinis 133-79 [36]. The platelet binding domain of PAAP
has been isolated to a 23 kDa fragment [37]. Furthermore, the peptide sequence PGEQGPK
within this fragment conforms to the platelet interactive domain of collagen types I and III,
KPGEPGPK, and antibodies directed against this peptide delayed the onset of aggregation
induced by S. sanguinis [38, 39]. More recently, in an effort to identify the PAAP gene, a putative
collagen binding protein was identified containing two PAAP-like sequences and platelet
aggregation in platelet rich plasma was significantly reduced in response to a mutant lacking
this protein while no changes in platelet adhesion were observed [40]. In conjunction with the
study of Gong et al., this confirmed that S. sanguinis had at least one other adhesin for human
platelets.

6.2. Serine rich repeat glycoproteins

The serine rich repeat (SRR) proteins are a large family of glycosylated bacterial adhesins. SRR
proteins of S. sanguinis and its close relative S. gordonii mediate direct binding of these bacteria
to platelets through sialic acid residues on the GPIba subunit of the GPIb-V-IX complex [41-43].

Fimbriae-associated protein 1 (Fapl) of S. parasanguinis FW213 was the first SRR protein to be
identified and, while it is reported not to interact with human platelets, studies of Fap1 have
provided important information on the structure of SRR proteins and the nature of their ligand
interactions. SRR proteins share a common domain structure: an N-terminal signal sequence;
a short serine rich repeat region (SR1); a non-repetitive ligand binding region (BR); a larger
serine rich repeat domain (SR2); and a cell wall anchor domain (CW) [41-47]. Like PAAP, SRR
proteins are highly glycosylated. The serine rich repeat domains are decorated with O-linked
carbohydrate residues [48] and the larger SR2 domain is thought to form a stalk like structure,
extending the adhesive N-terminal region from the cell surface. Fapl is critical for S. parasan-
guinis adhesion to saliva coated hydroxyapatite (sHA) and biofilm formation [49, 50]. How-
ever, Fapl mediated adhesion to sHA is independent of these glycosylations as shown by
mutation of upstream glycosyltransferases critical for glycosylation of the native protein and
subsequent biofilm formation [51].

In contrast to the conserved structural organisation of SRR proteins, the peptide sequence of
the non repetitive region varies significantly and is suggested to explain the differing affinity
of SRR proteins to platelets and other cell types. To date only the SRR proteins of S. sangui-
nis (SrpA) and S. gordonii (GspB and Hsa) have been demonstrated to interact directly with
human platelets while others, PsrP of S. pneumoniae and Srr-1 of S. agalactiae bind to keratin 10
and 4 in lung epithelial and endothelial cells respectively [52, 53]. The platelet interactive
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domains and specifically the sialic acid binding domain of GspB and Hsa are isolated to the
non repetitive region [43]. Most recently, x-ray crystallography studies of the non-repetitive
ligand binding region of GspB have revealed a modular organization: helical domain; a
domain similar to the binding domain of Staphylococcus aureus collagen binding protein CnaA;
a Siglec domain; and a Unique domain [54]. Interestingly, the Siglec domain, a mammalian
carbohydrate binding domain, was found in Hsa and SrpA but not in the protein sequences
of five other characterised SRR proteins suggesting that this domain is critical for interactions
with GPIba [54]. Indeed, a point mutation (R484E) in the Siglec domain showed a marked
reduction in binding to glycocalicin, the ectodomain of GPIba and reduced bacterial load in
the vegetations of a catheterized rat model of infective endocarditis [54].

GPIba is a glycosylated, type one transmembrane receptor. A long highly glycosylated region
called the macroglobulin region, or mucin-like core, extends from the cell surface presenting
ligand binding domains to the extracellular milieu [55]. The macroglobulin region is decorated
in predominantly O-linked but some N-linked carbohydrates terminating in sialic acid[55].
This highly glycosylated protein backbone is followed by a sulphated tyrosine region, aleucine
rich repeat domain and an N-terminal domain decorated with N-linked sialic acid oligosac-
charides [55]. Hsa is proposed to bind to both the N-terminal domain and the macroglobulin
region while GspB interactions are isolated to the macroglobulin stalk [43]. Further complexity
is added as GspB and Hsa display distinct preferences for O-linked and N-linked glycosyla-
tions respectively [43]. The subtle differences in binding affinity of SrpA to sialic acid moieties
remain to be elucidated but studies using anti-GPIba site specific antibodies isolated the S.
sanguinis interactive region of GPIba to the N-terminal region and the sulphated tyrosine
region [30]. This suggests that SrpA interacts with human platelets in a distinct mechanism to
GspB and Hsa. However, the ability to bind sialic acid residues is critical as sialidase treated
platelets and glycocalicin support significantly less bacterial binding than the untreated
samples [41-43]. In platelet function studies, deletion of either Hsa or SrpA failed to prevent
platelet aggregation suggesting other platelet-bacterial interactions are needed to induce
platelet activation [41, 56]. In contrast, using an in vitro model of blood flow, platelets were
observed rolling before stably adhering to S. sanguinis 133-79 [41]. This is characteristic of
GPIba interactions with vVWF under shear conditions. When platelets were perfused over an
immobilised strain of S. sanguinis defective in expression of SrpA or an S. gordonii strain
defective in Hsa expression, no rolling or attachment was observed suggesting that these SRR
are essential for initial platelet attachment in the blood stream [41, 56].

7. Antigen I/II family of bacterial adhesins

The antigen I/II family of proteins are ubiquitous to streptococci being found in most published
genomes to date with roles in the development of microbial communities and adhesion to host
cells and proteins [57]. Like the SRR proteins they share a common domain organisation: a
signal sequence; an N-terminal region; an alanine rich repeat domain; a variable domain; a
proline rich repeat region; a C-terminal region and a cell wall anchor domain [58].
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Investigation of the role of the antigen I/II family of adhesins in S. gordonii-platelet interactions
was prompted by the observation that, while adhesion to S. gordonii DL1 was reduced by
mutation of Hsa, the platelet aggregation response remained, suggesting a second interaction
[56]. Indeed, a proteomic approach using cell wall extracts from an aggregating S. gordonii
strain (DL1) and a non aggregating strain (Blackburn) revealed two antigen I/II proteins of
molecular weights 172 kDa and 164 kDa [56]. These were designated SspA and SspB [56].
Mutation of these proteins did not affect platelet adhesion to wildtype S. gordonii or, indeed,
a Hsa mutant. However, platelet aggregation was completely abolished when Hsa, SspA and
SspB were mutated simultaneously [56, 59]. SspA and SspB participate in fluid phase interac-
tions with salivary glycoprotein gp340, facilitating bacterial clumping which most likely aids
in the development of biofilms [59, 60]. Additionally, they mediate adherence and internali-
sation into epithelial cells via 1 intregins [57], can bind to collagen type 1 [61] and interact
with other oral microorganisms: Candida albicans [62]; Porphyromonas gingivalis [63]; and
Actinomyces naeslundii [60]. Given their critical role in induction of platelet aggregation it is
tempting to speculate that S. gordonii strains lacking antigen I/II proteins may have reduced
virulence in IE due to failure to propagate platelet activation. However, this remains to be
confirmed in animal models of IE.

The cariogenic and IE causing bacterium S. mutans also produces an antigen I/Il adhesin called
PAc, P1 or SpaA that has been shown to be involved in platelet aggregation [64]. PAc is a
LPXTG cell wall associated protein with significant sequence identity to S. gordonii SspA [65].
PAc, like SspA and SspB, has roles in adherence to the salivary pellicle, biofilm formation [66],
collagen dependent invasion of dentinal tubules binding [67]. Clinical strains lacking expres-
sion of PAc failed to induce aggregation in PRP [64]. Additionally, increasing amounts of anti-
PAc serum dose dependently decreased the rate of platelet aggregation but did not abolish it
[66]. A recent crystallography study examined the detailed structure of the C-terminal in the
context of adherence to the salivary pellicle, specifically the binding of carbohydrate moieties
[68], however, little is known about the putative platelet interactive domain of PAc. Notably,
while antibody titres against PAc are increased in patients with S. mutans IE, PAc did not play
a role in IE in a rat model of infection [69]. In contrast, a study examining the role of S.
mutans exopolysaccharides revealed a substantial decrease in the incidence of IE in rats infected
with wildtype S. mutans and a mutant lacking production of glucan and fructan polysacchar-
ides [70]. Chia et al. later identified a direct interaction of S. mutans Xc rhamnose-glucose
polymers (RGPs) with both human and rabbit platelets and showed the resulting platelet
aggregation response to be mediated in part by anti-RGP IgGs [71]. Such rhamnose rich
polymers are common amongst streptococcci and may represent a conserved mechanism of
platelet activation by the Streptococcus genus [71].

8. High molecular weight repeat protein

Previous studies revealed that S. gordonii DL1 could bind to not only to platelet GPIba but also
GPIIb, the a chain of the fibrinogen binding integrin allbf3 [72]. Further studies identified a
large 397 kDa cell wall associated protein designated platelet adherence protein A (PadA) on
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the surface of S. gordonii which interacts with GPIIb [73]. The N-terminal fragment of PadA
contains a domain with homology to the A1 domain, the platelet interactive domain, of vWF.
This, however, showed no particular affinity for the vVWF receptor, GPIba. An isogenic PadA
mutant displayed the same affinity for glycocalicin as wildtype DL1 while binding was
significantly reduced in a Hsa mutant [73]. In contrast, platelets adhered to immobilised
fragments of the N-terminal region (amino acids 34-690) but not to a smaller fragment (amino
acids 34-359) also containing the vVWF domain suggesting other sites within the protein
contribute to platelet adhesion to PadA [73]. Mutants lacking Hsa bound at wildtype levels to
Chinese Hamster Ovary (CHO) cells expressing allbp3 while a PadA mutant displayed
significantly reduced adhesion. Additionally, CHO cell adhesion to wildtype bacteria was
inhibited by a monoclonal antibody to allbf33 (abciximab) and a fibrinopeptide mimetic, RGDS
[73]. Interestingly, platelets adhering to immobilised S. gordonii DL1 or specific fragments of
PadA underwent dramatic changes in morphology as observed by fluorescent confocal
microscopy [74]. Rearrangement of the platelet actin cytoskeleton led filopodia and llameli-
podia formation, known as platelet spreading [74]. Platelet spreading is critical for the platelet
to withstand shear forces experienced in the vasculature. Similar observations were made for
platelet adhesion to fibrinogen, suggesting that PadA mimics the prothrombotic surface of
immobilised extracellular matrix proteins. Indeed, protein analysis revealed PadA contains
RGD-like regions (RGG, RGT and AGD) that may act as binding sites for allbp3 [74]. These
observations have led to the model of S. gordonii platelet interactions: Hsa and GspB mediate
initial attachment of S. gordonii to platelets via GPIba; PadA provides stabilising interactions
via allbp3, causing platelet spreading, so that the growing septic thrombus can resist the
turbulent forces within the bloodstream; and SspA and SspB are needed to produce the final
aggregation phase that propagates vegetation growth [59].

9. Phage encoded proteins

Human and bacterial evolution is peppered with incidences of viral integration or endogeni-
sation into host genomes. Indeed, when the human genome was sequenced it was found that
only 1.5% was composed of defined genes [75, 76]. The remainder, formally referred to as “junk
DNA”, is now known to contain critical regulatory sequences. Many of these regulatory
sequences and indeed genes have been linked to viral origins [77-79]. Bacterial history is also
littered with incidences of viral DNA integration. Bacterial viruses are called bacteriophages
and in the cases below they confer an advantage to S. mitis in the pathogenesis of IE.

Using a transposon generated mutant library of S. mitis SF100, two genetic loci were identified
as having a role in S. mitis-platelet interactions [80]. The first, PblT, is predicted to encode a
transmembrane transporter with 12 membrane spanning segments [80]. Its role in S. mitis-
platelet interactions remains to be to be confirmed. Interestingly, the second locus was
demonstrated to be a bacteriophage, SM1, of the Siphoviridae family of bacteriophages [81] and
is widespread in the microbial population of the oropharynx and saliva as shown in a recent
metagenomic study of oral viral communities [82]. Two proteins, PblA and PblB, encoded in
the polycistronic operon of this phage were shown to mediate S. mitis binding to platelets [80,
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83]. PblA and PblB are expressed on the bacterial surface through a novel mechanism whereby
the proteins are exported and become associated with bacterial cells via choline residues in
their cell wall [84]. While the ability to bind choline residues is found in other streptococcal
expressed proteins (S. pneumoniae LytA), PblA and PblB bear little homology to previously
identified bacterial adhesins [80]. Instead, they are similar to the tail fibre proteins of phage
particles [80]. Recently a comprehensive study by Mitchell et al., utilizing linkage specific
sialidases, concluded that PblA and PblB bind sialic acid residues on a2-8 linked gangliosides
[85]. Consistent with this, platelets express only one such ganglioside, GD3, and specific
antibodies to this receptor significantly reduced binding of wild type S. mitis SF100 to platelets
while a mutant, with already significantly reduced in binding to platelets, remained unaffected
[85]. The precise role of this receptor in conventional platelet activation remains to be deter-
mined but it has been shown to be upregulated on activated platelets, later becoming intern-
alised and associating with the Src tyrosine kinase, Lyn, and then with FcRy and leading to
increased FcyRIIA expression [86]. How S. mitis would propagate platelet activation through
this receptor remains to be elucidated.

Interestingly, during the investigation of PblA and PblB, a study revealed that mutation of the
bacteriophage lysin gene, lys, needed to permeablise cells and release lytic phage particles,
caused a reduction in platelet binding greater than that of the PbIA/PbIB- mutant [84]. When
investigated further, the phage lysin was found to bind fibrinogen via the D fragment of the
Aa and B3 chains, and in doing so can mediate an indirect interaction with human platelets
through alIbp3 [87]. Like PblA and PblB, it is also a choline binding protein but with homology
to the choline binding domain of pneumococcal LytA [87]. The fibrinogen interactive domain
was localized to amino acids 102-198 [88] and when this polypeptide was preincubated with
platelets and S. mitis SF100, it significantly extended the lag time to aggregation. Furthermore,
in a rat model of endocarditis, co-infection with PblA7/PblB- and lys” mutants led to substan-
tially less inclusion of lys™ S. mitis in the vegetations as compared to the tail protein mutant,
PblA*/PbIB". Lysing, is considered a multifunctional phage protein, mediating lysis of S.
mitis in the bacteriophage lyticlife cycle, binding to choline residues in the cell wall and binding
to fibrinogen, bridging an interaction with human platelets via allbB3 [87], an interaction that
is repeated in multiple streptococcal species and considered an important interaction in the
pathogenesis of IE (see figure).

10. Secreted products

Bacteria can secrete bioactive molecules that participate in platelet interactions in trans,
independently of bacterial cell binding. Early studies examining the role of aetiological agents
in Kawasaki disease (an inflammatory disease characterised by systemic vasculitis) isolated a
strain of S mitis (Nm65) whose culture supernatant appeared to induce platelet aggregation in
platelet rich plasma [89]. This activity was isolated to a heatlabile, 66kDa protein antigen called
sm-hPAF (S. mitis derived human platelet aggregation factor) [90]. Notably, ‘aggregation” was
not inhibited by treatment of platelets with prostaglandin E; (PGE,), which increases intracel-
lular cyclic-AMP preventing platelet signalling, or the allbf33 inhibitory peptide (RGDS) and
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Figure 1. Schematic of streptococcal platelet interactions in infective endocarditis.

was considered to induce platelet aggregation via novel mechanism [90]. With developments
in our understanding of platelet aggregation, inhibition of platelet signalling and activation
by PGE, and allbf3 dependency are hallmarks of true platelet aggregation. Sm-hPAF (Nm-65
derived) and lectinolysin (SK597derived) were later purified independently and identified as
members of the cholesterol dependent cytolysin (CDC) family of bacterial toxins which form
oligomeric lytic pores in erythrocyte membranes [90, 91]. Both lectinolysin and Sm-hPAF
possess an additional N-terminal fucose binding domain homologous to an agglutinin from
the eel species Anguilla Anguilla. Interstingly, lectinolysin was demonstrated to induce pore
formation via a mechanism modulated by fucosylated glycan binding to the N-terminal
domain [91]. However, this domain did not participate in initial receptor recognition as lysis
was detected in the absence of a functional glycan binding domain [91] and additional
members of the CDC family lacking this domain, suislysin and pneumolysin, also induced
platelet lysis [92]. The role of platelet lysis in IE remains to be established.

11. Streptococcal-platelet interactions — Signalling response

Following platelet activation platelets secrete signalling molecules and platelet agonists from
their cytoplasmic granules to recruit and activate nearby platelets. S. sanguinis can modulate
the platelet response through an unusual interaction whereby a surface associated enzyme can
modify secreted platelet agonists. Early studies by Herzberg et al. demonstrated that S.
sanguinis could hydrolyse exogenous ATP to ADP and this was postulated as a mechanism
causing platelet aggregation as a cell free supernatant of S. sanguinis preincubated with ATP
could induce platelet aggregation almost immediately [93]. Later MacFarlane et al. demon-
strated that this ecto-ATPase activity localized to a cell wall fraction of S. sanguinis [94]. Fan et
al. have recently identified a cell wall anchored ecto-5" nucleotidase (Nt5e) from S. sanguinis
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which can hydrolyse ATP, ADP and AMP producing adenosine [95]. A mutant lacking Nt5e

expression had a shortened lag time to platelet aggregation with no effect on platelet adhesion
but, interestingly, had decreased virulence in a rabbit model of IE as compared to the wildtype.
This was suggested to be due to the inhibition of professional phagocytes, monocytes and
macrophages by adenosine, an anti-inflammatory molecule [95]. In addition, the delay in
platelet aggregation may delay the release of platelet microbicidal proteins from their granules
thus inhibiting the platelet immune response [95].

As mentioned, platelets spread on S. gordonii DL1. While platelet spreading is critical for
thrombus stability, dense granule secretion is important for amplification of the platelet
response, facilitating activation of nearby platelets, recruiting them to the growing thrombus.
Both result from initiation of an intracellular signalling cascade caused by PadA engagement
of allbf3 [74]. Interestingly, inhibition of platelet FcyRIIA by a monoclonal antibody (Clone
IV.3) prevented both platelet spreading and dense granule secretion [74]. FcyRIIA is an ITAM
containing receptor [96]. It has an extracellular domain that interacts with immune complexes
and an intracellular domain which is proposed to act as a signalling scaffold allowing recruit-
ment protein kinases and phosphatases. Following platelet adhesion and spreading on S.
gordonii DL1, immunopercipitation of FcyRIIA and its downstream effectors revealed tyrosine
phosphorylation of FcyRIIA, Syk and phospholipase Cy (PLCy — an effector of dense granule
secretion) [74]. Blockade of FcyRIIA by the antibody IV.3 prevented phosphorylation of
FcyRIIA and its downstream effectors while it had no effect on platelet adhesion to S. gordo-
nii DL1 demonstrating an essential role in platelet activation and signalling but not in initial
attachment to the bacterium.

Similarly, Pampolina et al. examined the phosphorylation state of the FcyRIIA and its down-
stream effectors during the platelet aggregation response to S. sanguinis 2017-78. S. sanguinis
2017-78 induced phosphorylation of FcyRIIA, Syk, Linker for activation of T-cells (LAT) and
PLCy 30 seconds after the addition of bacteria to the platelet suspension [97]. This was followed
by dephosphorylation during the lag phase and allbp3 and thromboxane dependent rephos-
phorylation as aggregation proceeded [97]. The MAP kinase Erk was observed to follow the
same triphasic phosphorylation profile in response to S. sanguinis 2017-78 [98]. The dephos-
phorylation phase is proposed to be due to the activity of platelet endothelial cell adhesion
molecule-1 (PECAM-1), an ITIM containing receptor which recruits the tyrosine phosphatase
SHP-1 during the lag phase [97]. Further studies by McNicol et al. highlighted a role for PI3
kinase mediated phosphorylation of Erk in response to S. sanguinis 2017-78 [99]. PI3 kinase is
found downstream of FcyRIIA and GPIb and upstream of the GTPase Raplb, critical for
aIIbp3 activation [100, 101].

12. Streptococcal-platelet interactions — Immunological response

When bacteria enter the bloodstream they are recognised by soluble elements of the immune
system. These soluble elements, specifically immunoglobulins and complement proteins can
bind to their respective receptors on professional immune cells and platelets forming indirect
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bridging interactions. As most bacteria causing infective endocarditis are in fact lifelong or
transient residents of the host, most of the population inherently produce a humoral immune
response to these bacteria.

The role of IgG in platelet bacterial interactions has been extensively studied and
reaffirmed repeatedly in the literature [28, 102-105]. Its role was first confirmed by
Sullam et al. who demonstrated that plasma components other than fibrinogen (a
cofactor for ADP induced activation) was required for S. sanguinis M99 and S. salivar-
ius D1 induced platelet aggregation [104]. Additionally, blockade of the platelet low
affinity IgG receptor, FcyRIIA, with a monoclonal antibody IV.3 completely inhibited
platelet aggregation in response to these bacteria [104]. In fact, inhibition of FcyRIIA has
inhibited all bacterial induced aggregation when examined, even in the absence of IgG
interactions consolidating its role in platelet activation by bacteria [30, 74, 84, 97, 102,
106-108]. The nature of these antibodies, however, remains more complex as some
bacteria require strain specific [107], species specific or, minimally, group specific
antibodies [105]. Many conserved structural entities of bacteria elicit antibody respons-
es e.g., peptidoglycan and lipoteichoic acids. Therefore, it is plausible that specific
subclasses of antibody cross react between streptococcal species while others recognise
species and strain specific antigens. Indeed, while IgG1 and IgG3 largely bind protein
antigens, IgG2 binds to carbohydrate antigens [109]. Antibody levels in the host were
first thought to determine the variable lag times observed between donors however this
could not be established and led to investigations of other plasma proteins mediating
platelet-bacterial interactions. Additionally, in a study of aggregating and non aggregat-
ing strains of S. sanguinis and S. gordonii, significant correlation between the levels of
specific antibody and the propensity to induce aggregation was observed, but this was
not true for all donors [105]. Notably, non aggregating strains and their non aggregat-
ing donor pairs were shown to have similar levels of strain specific antibody to donors
who did support platelet aggregation [105]. This was not explained by polymorphisms
in FcyRIIA and thus is most likely a result of secondary interactions with other receptors,
differences in receptor number or polymorphisms therein but this remains to be
investigated.

The complement system is a series of proteins that bind to bacteria in a step wise fashion
and culminate in the formation of an oligomeric pore, the membrane attack complex,
which lyses the targeted bacterium. Roles for complement in bacterial-platelet interac-
tions have been demonstrated in Staphylococcal aureus and S. sanguinis [102, 107, 110].
The lag time to aggregation in platelet rich plasma (PRP) in response to S. sanguinis
7863 is 7-19 minutes [111] and this variation was correlated to the rate of assembly of
the C5b-9 complex on the surface of the bacteria as detected by flow cytometry [110].
Accordingly, the lag time to aggregation using bacterial cells preincubated with plasma
before addition to PRP could be progressively shortened with extension of the incuba-
tion time [110]. Complement activation can be triggered by antigen-antibody complexes
(classical pathway) or by binding of specific complement proteins (alternative pathway)
or mannose binding protein (lectin pathway) to the microbial surface. S. sanguinis 7863
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induced the alternative pathway, as shown by direct and Mg2+ dependent binding of
complement protein C3 to the surface of the bacterium [110]. Inactivation of comple-
ment by cobra venom or heat treatment abolished aggregation [110] suggesting that other
interactions, namely IgG with FcyRIIA, were not sufficient to produce aggregation alone.
It is not known precisely how complement activation triggers platelet activation but it
is possible that there is a threshold of bacterial-platelet interactions (capable of induc-
ing strong or weak signals) which much be surpassed before triggering platelet aggrega-
tion however this remains to be investigated.

While previous reports examined platelet secretion in terms of end stage platelet activation,
namely aggregation and spreading, a number of studies exist investigating the role of platelet
secretion in the context of platelet immunology. In addition to platelet agonists, platelet
granules contain bacteriocidal proteins and cytokines. A recent study by McNicol et al.
demonstrated platelet activity in the form of signalling and secretion in the absence of platelet
aggregation. They examined platelet secretion of soluble inflammatory mediators (Platelet
factor 4, RANTES, sCD40L, platelet derived growth factor) in response to a number of S.
sanguinis and S. gordonii strains and paired these with their platelet aggregation responses. All
strains triggered secretion of cytokines irrespective of the platelet aggregation response but
only 1 strain (S. sanguinis 2017-78) triggered release of sCD62p [99]. For S. sanguinis 2017-78
cytokine secretion was independent of thromboxane production and aggregation. Interest-
ingly this secretion response was inhibited by low doses of epinephrine while aggregation and
protein phosphorylation cascades mentioned previously were enhanced [99]. The inhibition
of platelet activation by epinephrine has not been noted in response to any other platelet
agonists and adds another layer of complexity to bacterial induced platelet activation. It will
be interesting to examine the contribution of individual platelet-bacterial interactions this
novel platelet activation in the future.

13. Conclusion

The overall role of platelet activation in response to circulating bacteria and IE is controversial
but recent studies have linked platelet activation to the ability of bacteria to resist antibiotics
[112]. This is consistent with the concept that, in activating platelets, bacteria prevent infiltra-
tion by antibiotics (or recognition by the immune system). It is likely that the initial adhesion
events occur independently of platelet activation and thus make suitable targets in the
prevention of IE. In contrast, as the ability to induce platelet aggregation (activation) in vitro
contributes to the virulence and persistence of the organism in infective endocarditis animal
models [87, 95], the pathways of platelet aggregation are targets of future IE therapies.
Consistent with this, a recent study has examined the effect of antiplatelet drug Reopro
(abciximab) in the treatment of sepsis in mice [113] and the use of cyclooxygenase inhibitors,
e.g. aspirin and inbuprofen continue to be investigated [114-117]. Critically, future therapies
must balance immune function and haemostatic function of platelets making thorough
understanding of platelet-bacterial interactions and bacterial induced platelet activation
essential for future drug development.
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1. Introduction

Infective Endocarditis is a microbial infection characterised by the presence of septic
vegetations on the surface of the endocardium (Moreillon and Que, 2004). Infection most
commonly occurs on the heart valves that has been damaged by congenital defects such as
previous disease or trauma (Durack, 1995). As a result these sites have the ability to gener-
ate turbulent blood flow which in turn can cause damage to inner most lining of the blood
vessels, the endothelium, which causes surface damage leading to exposure of underlying
matrix protein (Ruggeri, 2009). Once exposed this highly thrombogenic surface leads to rapid
platelet deposition and the formation of a fibrin network. Circulating bacteria from a transient
bacteremia in turn binds to this sterile platelet fibrin nidus which allows a secondary
accumulation of platelets that encase the bacteria leading to stable thrombus formation
(Moreillon and Que, 2004).

Despite improvements in medical and surgical therapy, invasive staphylococcal disease
causing infective endocarditis is still associated with a severe prognosis and remains a
significant therapeutic challenge. Once a disease primarily affecting younger patients
presenting with rheumatic heart disease, modern times see a significant increase in newer ‘at
risk” categories including patients with long term indwelling central venous catheters,
patients undergoing haemodialysis and invasive intravascular procedures such as arthroplas-
ty, immunocompromized patients and intraveneous drug abusers (Thuny et al., 2012).
Treatment of infective endocarditis usually requires a multidisciplinary approach involving
specialists in infectious disease, cardiologists and cardiac surgeons. Current treatment
regimes consist of aggressive prolonged antibiotic therapy, frequently combined with surgery
(Prendergast and Tornos, 2010, Wilson et al., 2007). Prolonged antibiotic use is often less than
successful as 40% of patients relapse within 2 months of finishing clinically effective therapy.
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Furthermore, prolonged exposure to antibiotics leads to a greater risk of adding to the global
problem of multiple antibiotic resistant strains of bacteria. Surgery is a costly and risky
alternative, however necessary in up to 47% of patients (Castillo et al., 2000, Murdoch et al.,
2009). In many cases surgery is not preferable due to risks associated with cardiac failure,
further spread of infection leading to persistent sepsis due to surgical removal of an infected
thrombus and/or life threatening embolisation (Jault et al., 1997, Heiro et al., 2000, Thuny et
al., 2012, Remadi et al., 2007).

2. The Staphylococcus

Staphylococcus aureus is a gram positive pathogen that continues to cause a significant number
of community-acquired and nosocomial infections. It is a normal commensal of the human
body and usually lives in harmony with its host without causing symptomes. Its primary habitat
is the anterior nares in 20% of the population and is transiently associated with the rest (Foster,
2009). The success of S. aureus as an opportunistic pathogen is due in part to its expression of
a wide array of microbial surface components recognising adhesive matrix molecules
(MSCRAMM’s) (Patti et al., 1994). Using these MSCRAMM'’s S. aureus uses a multitude of
mechanisms to attach either directly or indirectly to host cells including platelets (O'Brien et
al.,, 2002, Kerrigan et al., 2008, Miajlovic et al., 2010, Fitzgerald et al., 2006, Pawar et al., 2004,
Georgeetal., 2006). Itis for this reason that S. aureus is now the most common and most virulent
etiologic pathogen in infective endocarditis.

3. Platelets play a critical role in thrombosis and haemostasis

Platelets are small anucleate cell fragments of the larger haematopoietic precursor cell, the
megakaryocyte (Thon and Italiano, 2010) and are crucial mediators of haemostasis. Platelets
have no control over gene expression as they do not possess a nucleus however they have got
limited capabilities in translational protein synthesis (Lindemann et al., 2001b). The primary
role of platelets in haemostasis is to police the integrity of the endothelium to prevent blood
loss (Nieswandt et al., 2009). Platelets circulate close to the endothelial cell surface at high shear
asindividual entities that ordinarily do not interact with any other cell types. A transition from
this resting state to an activated state can be rapidly initiated if platelets are exposed to an
appropriate stimulus. Disruption of the endothelial cell lining due to trauma or injury to the
vascular endothelium platelets rapidly accumulate at the site of injury (Gawaz et al., 2005).
Recruitment is a highly controlled event that is initiated by the adhesive interaction between
the exposed extracellular matrix proteins in damaged endothelium and specific membrane
receptors on the platelet (Tabuchi and Kuebler, 2008). Collagen (Santoro and Zutter, 1995),
vonWillebrand factor (vWf) (Ruggeri, 1999), fibronectin (Savage et al., 1998, Kasirer-Friede et
al., 2007) and thrombospondin (Jurk et al., 2003) constitute the exposed matrix proteins at the
site of injury. Athough plasma proteins such as fibrinogen/fibrin and vitronectin are not
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synthesized by endothelial cells they can bind to exposed matrix proteins and increase
adhesiveness at the damaged site (Ruggeri et al., 2006, Ruggeri and Mendolicchio, 2007).

Platelets express a vast array of membrane receptors that play a critical role in recognition of
matrix proteins. The initial interaction of platelets with the injured vessel wall occurs between
GPIba and immobilised vonWillebrand factor (Chesterman and Berndt, 1986). This interaction
initiates the tethering of circulating platelets to the vessel wall. Platelets typically ‘roll” over
the vWfin the direction of flow driven by shear forces experienced by the vasculature (Ruggeri,
2009). A loss of interaction between GPIb and vWf on one side of the platelet leads to the
formation of another GPIb-vWf interaction on the other side of the platelet which gives rise to
a rolling phenomenon. This rolling mechanism is critical to slowing down the platelet long
enough for a second interaction that anchors the platelet to the damaged site. This firm
adhesion can be mediated by several membrane receptors, some of which will have become
activated as a result of platelet rolling and others who are expressed on the platelet surface as
a result platelet activation (Jackson et al., 2009). Once firmly adhered, the platelets rearrange
cytoskeletal components which results in filopodia and llamelipodia extension leading to
flattening or spreading of the platelet. Platelet spreading is critical following firm adhesion as
it firstly allows the platelet withstand the shear forces experienced in the vasculature and
secondly it increases the platelet surface area thus covering more of the damaged site.

Following attachment, platelets undergo a series of highly controlled intracellular signalling
events that lead to the release reaction where platelets release the contents of its stored
intracellular granules. Alpha granules contain proteins such as P-selectin which mediates
adhesion of platelets to monocytes, neutrophils and lymphocytes, resulting in the formation
of platelet leukocyte complexes (Diacovo et al., 1996a, Diacovo et al.,, 1996b, Larsen et al.,
1989). These granules also contain many chemotactic agents which lead to the recruitment of
various inflammatory cells; platelet derived growth factor (PDGF) and 12-hydroxyeicosate-
traenoic acid (12-HETE) which recruit neutrophils (Herd and Page, 1994, Mannaioni et al.,
1997); platelet factor 4 and platelet derived histamine releasing factor (PDHRF) which recruit
eosinophils in airway disease (Brindley et al., 1983, Frigas and Gleich, 1986); PDGF and
transforming growth factor § (TGF-f) which recruit monocytes and macrophages and TGF-
B which recruits fibroblasts (Deuel et al., 1982, Tzeng et al., 1985, Wahl et al., 1987). Platelet
granules also contain several mediators of tissue damage such as oxygen free radicals and
hydrolytic enzymes. Dense granules release cationic proteins that initiate vascular permea-
bility and mediators that enhance aggregate formation such as adenosine diphosphate (ADP)
and serotonin (5-HT) (Rendu and Brohard-Bohn, 2001). Bioactive amines are also secreted from
platelets following activation including Thromboxane A, (TxA2) and platelet activating factor
(PAF) (McIntyre et al., 2003, Patrono et al., 2001).More recently it has been shown that platelet
granules contain many antimicrobial peptides such as beta-lysin, platelet microbial protein
(PMP), neutrophil activating peptide (NAP-2), released upon activation normal T-cell ex-
pressed and secreted (RANTES) and fibrinopeptides A and B (Johnson and Donaldson, 1968,
Donaldson and Tew, 1977, Kameyoshi et al., 1992, Yeaman et al., 1997, Krijgsveld et al., 2000).

Once activation is complete the platelet forms a new surface for additional platelets to adhere,
predominantly through GPIIb/IIla crosslinking adjacent platelets through a fibrinogen bridge,
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resulting in aggregate formation. The final step sees and effective plug at the site of injury
that is reinforced by the conversion of fibrinogen to fibrin through the coagulation cascade
(Ruggeri et al., 2006).

4. The growing role of platelets in infection and immunity

Platelets are poorly recognised for their role in infection and immunity even though just like
professional phagocytes (neutrophils, macrophages and dendritic cells) platelets are derived
from the same haematopoietic stem cell, undergo chemotaxis (Clemetson et al., 2000), phago-
cytose foreign particles (Youssefian et al., 2002), and secrete a multitude of products including
inflammatory mediators (Kameyoshi et al., 1992), cytokines (Lindemann et al., 2001a, Antczak
etal., 2010) and antimicrobial peptides (Tang et al., 2002, Mercier et al., 2004), all while directing
and recruiting several members of the innate immune system to the infected area (Cox et al.,
2011, Semple and Freedman, 2010). In addition, toll like receptors (TLR) which are a family of
pattern recognition receptors expressed by several professional phagocytes recognise con-
served molecular motifs expressed on different classes of infectious agent (Janeway and
Medzhitov, 2002, Armant and Fenton, 2002). To date at least 13 TLRs have been described in
various immune and nonimmune cells in both human and mice. Recently human platelet have
been shown to express TLR1,2,4,6,8 and 9, reinforcing their role as primitive immune cells in
host defence (Cognasse et al., 2005, Shiraki et al., 2004, Aslam et al., 2006, Zhang et al., 2009,
Garraud and Cognasse, 2010, Andonegui et al., 2005, Keane et al., 2010). More recent studies
have also demonstrated that TLRs are also responsible for lipopolysaccharide (LPS)-induced
thrombocytopenia (Andonegui et al., 2005, Aslam et al., 2006).

5. Mechanisms of interaction

Bacteria can interact with platelet in two ways, they can either support platelet adhesion or
they can induce platelet aggregation. Platelet adhesion to immobilised bacteria is a measure
of the strength of the interaction, whereas platelet aggregation induced by bacteria is a measure
of the quality of the interaction. In contrast to typical platelet aggregation induced by physio-
logical agonists such as adenosine diphosphate (ADP), collagen or thrombin, bacteria induce
an all or nothing response. This means that the bacteria either induce a maximal aggregation
or they don’t induce platelet aggregation at all, there is no intermediate response. Another
unique feature of bacteria induced platelet aggregation is a distinct pause in time before
aggregation takes place. This is typically called the lag time. Increasing the concentration of
bacteria shortens the lag time but never eliminates it. The average lag time to platelet aggre-
gation following addition of Staphylococci is between 5-12 minutes. This is in contrast to the
lag time observed upon the addition of typical platelet agonists ADP or thrombin which have
a lag time less than 10 seconds.

There are 3 main interactions between bacteria and platelets. In the first interaction bacteria
express proteins that can directly interact with a surface receptor on the platelet. In this case
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the bacterial protein express ligand mimetic domains that act as agonists on the platelet
receptor thus triggering an intracellular signal that culminates in platelet activation. In the
second interaction bacterial proteins bind a plasma protein that is a natural ligand for a platelet
receptor. For example, bacteria can bind antibody which in turn bridges the bacteria to the
antibody receptor (FcyRIla) expressed on the platelet. Once engaged the receptor results in the
generation of an intracellular signal leading to platelet activation. Finally bacteria may have
the ability to secrete products or toxins that in turn activate platelets. Engagement of the
product or toxin with a platelet receptor results in activation. These different mechanisms of
interaction may help explain the lag time to platelet aggregation. For example, the lag time
could be representative of the time taken to trigger a response or bind a plasma protein. A
major challenge in studying platelet bacterial interactions is that most bacteria can interact
with platelets using multiple mechanisms. This makes it incredibly difficult to identify either
the platelet receptors or the bacterial proteins involved in triggering thrombus formation.
Moreover not only are the interactions species specific but strain specific as well.

6. Staphylococci interactions with platelets

6.1. Indirect interaction (Released products)

Staphylococcus aureus was one of the first bacteria isolated from patients with acute endocar-
ditis. Despite improvements in medical and surgical therapy, invasive staphylococcal disease
causing infective endocarditis is still the most frequent etiologic microorganism found in
patients (Rasmussen et al., 2011). Studies investigating the mechanism through which S.
aureus contributes to endocarditis dates back as far as the early 1900’s. By the mid 1900’s
significant attention had been placed on the involvement of S. aureus alpha (a)-toxin in
contributing to IE. Alpha-toxin is produced by almost all strains of S. aureus. Typically a-toxin
disrupts the cell membrane by binding to the lipid bilayer of platelets, erythrocytes and some
leukocytes, forming an oligomeric structure that forms a water filled transmembrane pore. In
1964 Siegel and Cohen made two critical observations; first, addition of a-toxin led to the loss
of single platelets as evidenced by turbidimetric aggregometry and second that addition of
a-toxin to human platelets resulted in leakage of intracellular ions; NAD+, K+ and ATP but
interestingly not protein, suggesting that a-toxin was not lysing the platelets (Siegel and
Cohen, 1964). Further studies by Bernheimer and Schwartz confirmed these reports and
demonstrated by electron microscopy that following exposure to a-toxin platelets swelled but
did not show signs of lysis (Bernheimer, 1965). These early studies suggested that a-toxin may
have the ability to generate a signal upon binding to the platelet. Focusing on this Arvand and
colleagues demonstrated that a-toxin did indeed trigger a platelet signal upon binding and
most importantly one that leads to secretion of intracellular contents including procoagulant
mediators, platelet factor 4 and factor V. Secreted factor V in turn associates with the platelet
membrane leading to assembly of the prothrombinase complex (Arvand et al., 1990). This
explains the major pathway responsible for the procoagulatory effects of a-toxin. In contrast
to these early findings Bayer et al. demonstrated that a-toxin did cause platelet lysis and this
led to the release of platelet microbial proteins (PMP’s) which was bactericidal to S. aureus.
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Using an animal model of endocarditis the authors demonstrated that different strains of S.
aureus differed in the expression of functional versus mutant forms of a-toxin. Under these
conditions, the S. aureus strains producing either minimal or no a-toxin were less virulent in
vivo than wild-type strains (Bayer et al., 1997). Wild-type S. aureus strains or indeed an isogenic
strain engineered to over-express a-toxin were associated with increased release of PMP from
platelets. These results suggest that when S. aureus releases a-toxin, platelets release PMP’s
therefore leading to a protective role for the host by destroying S. aureus.

Lipoteichoic acid (LTA) is an essential component of the cell wall of S. aureus and plays a key
role in host-pathogen interactions (Morath et al., 2005). LTA is anchored to the cell wall via
diacylglycerol, however following bacteriolysis induced by cationic proteins from leukocytes
or antibiotic treatment with certain antibiotics, LTA is released from the cell wall (Lotz et al.,
2006). LTA is a very potent stimulator of cells expressing the pattern recognition receptor, toll
like receptor 2 (TLR2) (Kawai and Akira, 2010). Functional TLR?2 is expressed on a number of
immune cells including platelets (Blair et al., 2009, Keane et al., 2010, Ward et al., 2005). Work
by Sheu et al, demonstrated that LTA from S. aureus inhibited platelet aggregation, calcium
mobilisation and cyclic AMP in human platelets (Sheu et al., 2000a, Sheu et al., 2000b). It
remains to be seen whether TLR2 is mediating this inhibition of platelet signalling.

6.2. Indirect interaction (Cell wall proteins)

There are numerous cell wall proteins expressed on the surface of S. aureus that have been
demonstrated to bind to platelets and trigger platelet activation. The majority of these cell wall
proteins have been found to bind plasma proteins and bridge to a platelet receptor. Staphy-
lococcal protein A is a widely expressed protein found on greater than 90% of S. aureus strains.
In 1979, Hawiger et al., demonstrated that protein A is capable of binding to immunoglobulin
G (IgG) which in turn bridges to the platelet antibody receptor, FcyRIla. This interaction results
in platelet signal generation, GPIIblIla dependent platelet aggregation and serotonin release
from the platelet dense granules. Interestingly purified protein A failed to cause measureable
platelet aggregation and release of serotonin was significantly reduced (Hawiger et al., 1979).
Recent studies have demonstrated that protein A can bind to the A1 domain of the major
plasma protein vonWillebrand factor with high affinity (low nM range) (O'Seaghdha et al.,
2006) which serves as a receptor for GPIba expressed on platelets (Andrews et al., 2003). More
recent studies have investigated this interaction under fluid shear conditions and demonstrat-
ed that preincubating platelet rich plasma with a vonWillebrand Factor antibody or indeed
blocking the platelet GPIba receptor with an inhibitory monoclonal antibody partially
inhibited the platelet-S. aureus interaction. Furthermore using a strain of S. aureus that is
deficient in protein A expression reduced its interactions with platelets (Pawar et al,
2004).These results suggest that protein A plays a role in triggering platelet activation.

More recent studies demonstrated that multiple cell wall proteins expressed on S. aureus are
capable of interacting with and triggering platelet aggregation (O'Brien et al., 2002). Among
the cell wall proteins identified, clumping factor A (CIfA) and clumping factor B (CIfB) are
possibly the most extensively studied. CIfA and CIfB has been shown to bind a number of
plasma proteins including fibrinogen, IgG and complement, which in turn bridge the bacteria
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to specific platelet receptors and trigger activation. Binding each plasma protein individually
is not sufficient to trigger platelet aggregation. To trigger full platelet activation CIfA or CIfB
must bind specific IgG along with either fibrinogen or complement, IgG being the key
molecule. There are at least two distinct sites on each CIfA or CIfB that allows IgG and
fibrinogen bind at the same time. Once this occurs, fibrinogen binds to platelet GPIIbIIla, IgG
binds to platelet FcyRIla and together induces receptor clustering leading to activation of
signal transduction pathways culminating in platelet aggregation (Loughman et al., 2005,
Miajlovic et al., 2007). Deletion of the fibrinogen binding domain on CIfA or CIfB led to the
discovery of another much slower platelet aggregation (8-20 minutes versus 2-4 minutes).
Loughman et al initially demonstrated that complement must assemble on the S. aureus surface
and then cross link to complement receptors expressed on platelets. Similar to before, IgG binds
to FcyRlIla, complement proteins binds to complement receptors on platelets and together
induces receptor clustering leading to activation of signal transduction pathways culminating
in platelet aggregation (Loughman et al., 2005). Much controversy surrounds the existence of
complement receptors on platelets however the most convincing evidence of a complement
receptor is that demonstrated by Nyugen et al., who demonstrated the expression of
gC1qR/p33 following platelet activation. This suggests that an initial interaction leads to
platelet activation which in turn triggers expression of gC1qR/p33 on the platelet surface.
Expression of this receptor post activation most likely serves to anchor the bacteria to the
platelet.

A critical part of S. aureus survival in the host is the wide array of cell wall proteins it expresses
at various growth phases of its cell cycle. For example, CIfA is weakly expressed during the
exponential phase and strongly expressed during the stationary phase. In contrast to this
fibronectin binding protein A (FnbpA) is strongly expressed during the exponential phase of
growth and weakly expressed during the stationary phase of growth. FnbpA also plays a key
role in inducing platelet aggregation. The mechanism through which FnbpA induces platelet
aggregation is more or less identical to the mechanism that CIfA uses to induce platelet
aggregation. Fnbp contain a specific immunoglobulin binding domain (A domain) and a
separate fibronectin binding domain (BCD). FnBPA possesses two different but related
mechanisms of engaging and activating platelets (Fitzgerald et al., 2006). In the first mecha-
nism, fibrinogen can bind to the A domain which crosslinks to GPIIb/IIla, and specific
immunoglobulin must crosslink to FcyRlIla to trigger platelet activation and aggregation
(Fitzgerald et al., 2006). In the second mechanism fibronectin can bind to S. aureus via the
FnBPA BCD domain (Meenan et al., 2007, Raibaud et al., 2005). The signal to trigger platelet
activation/aggregation is complete when specific immunoglobulin binds the A domain of
FnBPA and cross links to platelet FcyRIla inducing receptor clustering.

As discussed in chapter 2 serine rich proteins expressed by viridans streptococci play a critical
role in inducing platelet aggregation. S. aureus also expresses a highly glycosylated serine rich
protein called SraP on its surface (Siboo et al., 2005). Strain of S. aureus deficient in expression
of SraP has been shown to have reduced virulence in a rabbit model of endocarditis. Regardless
of the fact that SraP shares significant similarities with a number of other serine rich glyco-
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proteins found in the streptococci that have been found to bind to platelet GPIba (Kerrigan et
al., 2007, Plummer et al., 2005), SraP does not appear to bind to this platelet receptor.

While all of these studies are critical to our understanding of the molecular mechanisms
involved in aggregate formation, one must be aware of the relevance of these findings to
physiological conditions experienced in the vasculature. For example, almost all of the studies
carried out to date have been carried out under non-physiological stirring or using static
adhesion assays, neither of which are representative of the conditions experienced in the
vasculature. Many reports in the literature in recent times have clearly demonstrated that the
local fluid environment in the circulation critically affects the molecular pathways of cell-cell
interactions (Varki, 1994). To address this several attempts have been made to create an
environment more representative of conditions experienced in the circulation. Rheology is a
useful technique that can be employed to shear cells at physiological rates. Using a cone and
plate viscometer, Pawar et al. demonstrated that when S. aureus is mixed with whole blood
isolated from a healthy individual thrombus formation could be observed. Additional studies
demonstrated that the thrombus formation was dependent on multiple S. aureus cell wall
proteins including protein A, CIfA, SdrC, SdrD, SdrE (Pawar et al., 2004). A potential limitation
to using a cone and plate viscometer is that is measures thrombus formation in a soluble setting
and it is well established that thrombus formation on a heart valve in IE occurs under stable
conditions. To address this Kerrigan et al. developed a parallel flow chamber to assess the
interaction between S. aureus and platelets in whole blood. To do this S. aureus was immobilised
on a glass slide (to mimic the focal infection on a heart valve) and whole blood was perfused
over the bacteria at both arterial and venous shear rates. This method demonstrated that
platelets perfused over immobilised S. aureus under arterial shear led to a very strong adhesion,
followed by rapid aggregate formation. Deletion of CIfA (but not protein A or FnbpA) from
S. aureus abolished adhesion and subsequent aggregate formation. Using a plasma-free system,
fibrinogen led to single platelet adhesion but not aggregate formation. Specific immunoglo-
bulin failed to have any effect on either platelet adhesion or aggregation. However, addition
of fibrinogen and specific immunoglobulin together to the plasma-free system led to platelet
adhesion followed by aggregate formation thus highlighting the importance of fibrinogen and
IgG in aggregate formation. Interestingly platelets did not adhere to or induce aggregate
formation under low shear conditions using the parallel flow chamber (Kerrigan et al., 2008).

6.3. Direct interaction (Cell wall proteins)

A growing concern about studies to date is the apparent lack of contrast with conditions
experienced physiologically. In vivo, when S. aureus enters the blood stream it is in an envi-
ronment where iron is sequestered in haem or haemoglobulin. The lack of iron available in
vivo inactivates the Fur repressor in S. aureus that results in an up-regulation of a number of
genes that typically wouldn’t be expressed in when growing in normal laboratory bacterial
growth media. A growing family of iron-regulated surface determinant proteins have been
recently identified as expressed in S. aureus grown in iron limited conditions. Using surface
plasmon resonance, Miajlovic et al. demonstrated that one family member, iron-regulated
surface determinant B (IsdB), can bind directly (in the absence of plasma proteins) to the
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purified platelet fibrinogen receptor GPIIb/IIIa. As a result of this binding subsequent studies
demonstrated the ability of the wildtype S. aureus strain to support platelet adhesion and
induce platelet aggregation. A. S. aureus strain defective in expression of IsdB displayed a
reduce ability to adhere to or induce platelet aggregation (Miajlovic et al., 2010).

7. Final thoughts and future directions

Infective endocarditis is notoriously difficult to treat as antibiotics are incapable of penetrating
the growing thrombus to reach the encased microorganisms. As a result of this the in-hospital
mortality rate can be as high as 36% (Botelho-Nevers et al., 2009). Even with treatment, 40% of
patients with infective endocarditis relapse within 2 months of finishing clinically effective
therapy (Netzer et al.,, 2002). Furthermore, approximately 25% of patients with infective
endocarditis eventually require surgery, usually within 2 years after completing therapy
(Olaison and Pettersson, 2003). These statistics reflect the poor delivery and penetration of
antibiotic into the growing thrombus. The costs associated with hospitalization (of which the
average stay in hospital is 30 days), surgery and prolonged antibiotic treatment is extremely
high placing a severe burden on already over-stretched healthcare systems though out the
world. The danger of S. aureus invasive disease is also compounded by the rapidly increasing
global widespread occurrence of multiple antibiotic resistant strains (MRSA and VRSA) which
is directly attributed to prolong use of antibiotics. The greater the duration of exposure of an
antibiotic to bacteria, the greater the risk of development of resistance and this is irrespective
of the severity of the need for antibiotics. If this is not addressed soon, acquired resistance may
produce a virtually untreatable pathogen. Therefore it is of the utmost importance that we
understand the molecular interactions that lead to the development of thrombus formation on
the heart valves. This will serve two purposes, first it may lead to the development of novel
therapies that will prevent the formation of a thrombus on the heart valve and secondly as a
result will overcome the problem associated with getting clinically effective concentrations of
antibiotic to the site of infection on the heart valve.

Potential drug targets identified from studies over the years suggest that blocking the inter-
action between IgG and platelet FcyRIIa may indeed prevent platelet receptor clustering and
thus inhibit thrombus formation. Blockade of the platelet FcyRIla receptor has distinct
advantages over other anti-platelet agents as inhibitors of FcyRIla do not affect the platelet
response to other agonist and therefore does not compromise essential platelet functions.
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1. Introduction

For several decades, the haematogenous spread of bacteria from the oral cavity has been
considered a decisive factor in the pathogenesis of 10% to 15% of episodes of infective
endocarditis (IE), suggesting that certain dental procedures may represent a significant risk
factor [1]. Nowadays, however, this statement has its detractors; their main argument is that
not all patients with heart valves infected by bacteria that typically colonize ecological niches
of the oral cavity have undergone dental procedures. Furthermore, there is little evidence to
date on the genetic similarity between bacteria isolated from the heart valves, from the
bloodstream, and from the oral cavity of patients with IE [2,3].

Apart from its possible involvement in the development of episodes of IE, bacteraemia of oral
origin has become of particular interest in the past 2 decades because it has been associated
with the progression of atherosclerosis and may thus be related to ischemic processes, although
the mechanism of action has not yet been fully elucidated [4-6]. A number of published clinical
studies have demonstrated an association between periodontal disease and cardiovascular
disease [7-9], and oral bacteria have been detected on heart valves and in atherosclerotic
plaques and aortic aneurysms [10-12].

In 1935, Okell and Elliot [13] were the first authors to detect bacteraemia caused by Strepto-
coccus species (in 64% of cases) after performing dental extractions on 138 patients. A year later,
Burket and Burn [14] inoculated pigmented Serratia marcescens into the gingival sulcus of 90
patients before performing dental extractions and they subsequently isolated this bacterium
in 20% of post-manipulation blood cultures. Those results confirmed that microorganisms
from the oral cavity could enter the bloodstream after dental extraction. Between the mid 1930s
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and the early 1950s, numerous studies were published on the prevalence of post-dental
extraction bacteraemia, with figures that varied between 2% and 83% [15-19]. In the early 1930s
there was a growing awareness of the need for IE prophylaxis in patients with valvular heart
disease undergoing certain dental manipulations, and the first guidelines recommending the
use of certain sulfonamides to prevent IE of oral origin were published at the end of that decade.
This chapter first provides a review of development of antimicrobial prophylaxis protocols for
IE secondary to dental procedures between 1930 and 1955. Since the American Heart Associ-
ation (AHA) published its first guideline for the prevention of IE secondary to dental proce-
dures in 1955, several international committees formed mainly of cardiologists, infectious
diseases specialists and pharmacologists have drawn up different prophylactic regimens based
on findings published in the scientific literature. In the second part of this chapter we therefore
review the changes in IE prophylaxis in the guidelines published by the AHA and the British
Society of Antimicrobial Chemotherapy (BSAC) between 1960 and 2009, as well as those
recently drawn up by other societies. Those guidelines provide a description of the susceptible
patient, the at-risk dental procedures, the influence of the anaesthetic technique applied in
dental treatment, the antibiotic prophylaxis protocols (antibiotics of choice, dose and route of
administration) and the use of antiseptic prophylaxis.

2. Development of antimicrobial prophylaxis protocols for infective
endocarditis secondary to dental procedures: 1930 to 1955

In the early 1930s, Brown and Abrahamson [20,21] were 2 of the pioneers of the application of
IE prophylaxis before performing certain dental manipulations in patients with valvular heart
disease. Those investigators recommended the prophylactic use of autogenous vaccines. In
1938, Feldman and Trace [22] suggested cleaning and scraping the teeth before any manipu-
lation in order to reduce contamination of the operative field; they performed only 1 or 2 dental
extractions per session, and followed this by curettage and irrigation of the periodontal pockets
with antiseptics. A year later, Elliott [23] proposed perialveolar cauterization of the gingiva as
a prophylactic measure after dental extraction; this technique not only sterilized the sulcus but
also sealed the gingival capillaries, preventing the entry of microorganisms into the blood-
stream. The practice of dental extractions under local anaesthesia with epinephrine by the
infiltration technique was also recommended, as some authors had shown that this type of
anaesthetic applied in this way created a barrier, preventing vascular invasion by the bacterial
inoculum [14,22]. Fish and Maclean [24] recommended that teeth be filled with cotton soaked
in a paste of zinc oxide and oil of cloves and that this should be renewed every few days; those
authors also recommended the administration of a dose of prontosil (azosulfamide) before a
dental extraction, in addition to cauterization of the gingiva. However, Bender and Pressman
[17] soon declared themselves contrary to the use of cauterization to prevent post-dental
extraction bacteraemia, arguing that the teeth extracted in all the published series in which this
technique was used were single rooted and a maximum of only 2 teeth were extracted in each
session. According to those authors, cauterization of multirooted teeth damaged the adjacent
periodontal tissues [17].
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The first guideline for antibiotic prophylaxis for IE associated with dental manipulations in
patients with valvular heart disease were soon developed and were based on the use of certain
sulfonamides [25,26]. In 1939, Long and Bliss [27] published a book titled The Clinical and
Experimental Use of Sulfanilamide, Sulfapyridine and Allied Compounds, in which they recom-
mended the prophylactic administration of sulfanilamide to patients with rheumatic heart
disease before performing dental extractions. In 1941, Kolmer and Tuft [28] drew up the most
complete prophylactic guidelines published up to that time; those authors did not favour
“massive dental extractions” and recommended not extracting more than 2 teeth in a single
session; they also recommended the use of an autogenous streptococcal vaccine obtained from
culture of the apical area of the first tooth extracted, which was to be administered before
extraction of the following tooth. On the matter of antibiotic prophylaxis, those investigators
proposed a regimen based on the use of 15 grains of sulfapyridine every 6 hours, starting 2
days before the manipulation and continuing for 2 or 3 days afterwards; they also endorsed
the protocol for the prolonged administration of sulfonamides —previously proposed by
Thomas et al [25]-for patients with acute rheumatic fever; that protocol consisted of the
administration of 10 grains of sulfanilamide twice a day for a period that ran from November
to June [28]. In 1941, Spink [29] indicated that sulfanilamide had to be administered between
8 and 12 hours before the dental manipulation in order to achieve a serum concentration of 7
mg/100 ml at the time of the manipulation. A year later, Budnitz et al [30] proposed a prophy-
lactic protocol that consisted of an initial dose of 1 g of sulfapyridine followed by 0.5 g every
4 hours for 6 to 7 days, performing the dental extraction on the third or fourth day.

In 1943, Northrop and Crowley [31] were the first authors to evaluate the effect of the antibiotic
sulfathiazole on the prevalence of post-dental extraction bacteraemia; their study group was
formed of 73 patients who received 1 g of sulfathiazole every 4 hours, starting at 4 pm the day
before the dental treatment and finishing at 12 noon the day of the procedure, 1 to 2 hours
before the dental extraction. Blood samples were collected to perform the corresponding
cultures at baseline and at 10 seconds and 10 minutes after the manipulation. All the baseline
blood cultures and all those collected at 10 minutes after the dental extraction were negative,
both in the controls and in individuals receiving antibiotic prophylaxis; however, at 10 seconds
after the dental extraction, 13% of controls presented detectable bacteraemia compared to 4%
of those who received antibiotic therapy (with blood levels of sulfathiazole of at least 3
mg/100 ml). These authors therefore concluded that a serum concentration of sulfathiazole of
4-5 mg/100 ml was effective for the prevention of post-dental extraction bacteraemia [31]. A
year later, in the Journal of Oral Surgery, the same authors published another study based on
the administration of a single dose of 5 g of sulfathiazole 3 hours before the dental manipula-
tion, observing a reduction in the percentage of post-dental extraction bacteraemia from 16%
to 4% [32]. Hopkins [16] and Budnitz et al [30], in their respective studies of patients at risk of
IE, administered sulfanilamide or sulfapyridine before dental extraction; in both series all the
post-dental extraction blood cultures were negative. In 1945, Bender and Pressman [17], in a
study of the prevalence of post-dental extraction bacteraemia, created 3 randomly assigned
study groups: a control group, a sulfanilamide group (this group was administered 4 doses of
1.35 g of the drug the previous day and 2 g 4 hours before the manipulation) and a cauterisation
group (cauterisation of the free gingival border and of the full depth of the pocket was
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performed after the dental extraction). The mean serum levels of sulfanilamide were 7.5
mg/100 ml. In contrast to the results reported previously by other authors [16], the adminis-
tration of sulfanilamide in this study did not reduce the prevalence of immediate post-dental
extraction bacteraemia (83% in the control group versus 77% in the sulfanilamide group),
although there was a detectable reduction in the number of positive blood cultures at 10
minutes after completion of the manipulation (33% in the control group versus 13% in the
sulfanilamide group) and in the number of bacterial species isolated. Those authors indicated
that the good results reported previously in the literature could be attributable to the absence
of para-aminobenzoic acid (necessary to neutralise the sulfonamides) from the culture media
used in some studies and based their findings mainly on the bacteriostatic action of this group
of antibiotics [17].

In 1948, Hirsh et al [33] were the first authors to investigate the effect of penicillin on the
prevalence of post-dental extraction bacteraemia. The study population was composed of a
control group of 65 patients and a study group of 65 patients who received 600,000 IU of
penicillin intramuscularly 3 to 4 hours before the dental extraction. Blood samples were
collected immediately after the completion of surgery and at 10 and 30 minutes. Although the
overall percentage of bacteraemia did not decline significantly (46% in controls versus 37% in
the group that received penicillin), evaluation of only those cultures that were positive for
streptococcal species showed a significant reduction in the prevalence of positive cultures in
the group receiving prophylaxis compared to the control group (15% versus 34%), confirming
that penicillin was effective in reducing the prevalence of streptococcal bacteraemia, although
not bacteraemia caused by other microorganisms. Those authors speculated about 2 possible
mechanisms of action of penicillin in the prevention of bacteraemia secondary to dental
extractions: the first was that the penicillin present in the blood destroyed the microorganisms
that reached the bloodstream, and the second that the antibiotic could inhibit bacterial growth
in the oral cavity, thus reducing the size of the inoculum before vascular invasion occurred
[33]. In another study on the efficacy of penicillin in the prevention of post-dental extraction
bacteraemia published the same year, Glaser et al [34] administered 50,000 IU of penicillin
intramuscularly every 2 hours for 24 hours prior to dental extraction, administering the final
injection approximately 20 minutes before the manipulation. They then determined the
sensitivity to penicillin of the microorganisms isolated from the blood cultures of patients who
received the antibiotic therapy. In that study, prophylaxis with penicillin significantly reduced
the prevalence of post-dental extraction bacteraemia (by 25%), as well as the number of bacteria
isolated: there was a predominance of a-haemolytic streptococci in the control group (81%
versus 29% in the group that received penicillin) and the majority of streptococci isolated in
the penicillin group were non-haemolytic. However, none of the microorganisms isolated in
the subjects who received prophylaxis were resistant to penicillin, confirming that this was
not the cause of onset of the bacteraemia. Two very interesting findings of that study were that
prophylaxis with penicillin was more effective in patients with periodontal disease and in
those in whom only a single dental extraction was performed. Finally, those authors described
a third mechanism of action of penicillin in the prevention of IE, the inhibition of bacterial
growth after implantation of the microorganisms on the endocardium and before the resulting
disease became clinically detectable [34]. Rhoads and Schram [35] evaluated the efficacy of
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penicillin and a new sulfonamide, 3,4-dimethyl-5-sulfanilamidoisoxazole (Gantrosan), for the
prevention of post-dental extraction bacteraemia. Based on their optimal results, those authors
were emphatic in their indication of the need to administer antibiotic therapy prior to per-
forming dental extractions in patients with valvular heart disease [35].

The book on oral surgery published by Thoma in 1948 [36] was the first to include antibiotic
prophylaxis prior to oral surgical procedures in patients with heart disease, although no
specific regimen was described. In the first edition of Archer’s classic book on oral surgery
published in 1952 [37], a complex prophylactic regimen was described based on the adminis-
tration of an injection of procaine penicillin G the day before oral surgery and an injection of
crystalline penicillin G 30 minutes before the procedure, followed by an injection of procaine
penicillin G once a day for 3 days and an injection of bicillin together with the final injection
of procaine penicillin G. A very similar antibiotic prophylaxis regimen appeared in another
book on oral surgery published by Mead in 1954 [38], but the penicillin was limited to 3 doses:
one the day before, one 20 to 30 minutes before the manipulation and the final one the day
after the intervention.

In 1955, the Committee on Prevention of Rheumatic Fever and IE of the AHA, which at that
time was formed exclusively by 7 physicians, developed the first prophylactic protocol for use
in patients with IE undergoing dental procedures [39]. This protocol was recommended in
patients with congenital or rheumatic heart disease who were undergoing dental extractions
or other manipulations that affected the gingival tissues. The AHA experts stated that the aim
of prophylaxis was to make high concentrations of the antibiotic available at the time of the
manipulation and to maintain the presence of the drug in the bloodstream for several days in
order to eliminate any bacteria that had adhered to the heart valves during the bacteraemic
episode. The method chosen was an intramuscular injection of a dose of 600,000 IU of aqueous
penicillin and 600,000 IU of procaine penicillin dissolved in oil with 2% aluminium mono-
stearate administered 30 minutes before the dental procedure. Alternatively (although less
desirable), they proposed the oral administration of 250,000-500,000 IU of penicillin 30 minutes
before each meal and before bedtime, starting 24 hours before the dental treatment and
continuing for 5 days afterwards, and with an extra dose of 250,000 IU of penicillinimmediately
prior to the manipulation. For patients with a history of allergy to penicillin, the AHA
recommended the use of other antibiotics such as oxytetracycline, chlortetracycline or
erythromyecin for 5 days, with administration starting the day before dental treatment [39].

3. Development of antimicrobial prophylaxis protocols for infective
endocarditis secondary to dental procedures: 1960 to 2009

Since the AHA published its first protocol for the prevention of IE associated with dental
procedures, numerous expert committees in different countries have drawn up different
prophylactic regimens, many of which have subsequently been revised and modified based
on subsequent epidemiological and clinical studies (prevalence of bacteraemia secondary to
dental procedures, studies of the efficacy of antibiotic and antiseptic prophylaxis, pharmaco-
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kinetics of antibiotic prophylaxis, antimicrobial sensitivity of isolates identified in post-dental
manipulation blood cultures) and on animal experimentation [40].

The AHA has published 9 IE prophylaxis protocols, the latest revision being in 2007 [39,41-48].
The BSAC published its first antibiotic prophylaxis regimen for IE in 1982; this was revised
and modified in 1986, 1990, 1992 and 2006 [49-53]. The European Society of Cardiology (ESC),
together with the group of experts of the International Society of Chemotherapy published a
European Consensus on IE prophylaxis in 1995 [54]. In 2004, the ESC and the British Cardiac
Society (BCS), in association with the Royal College of Physicians (RCP) of London, drew up
guidelines for the prevention of IE associated with dental procedures [55,56]. In 2008, the
National Institute for Clinical Excellence (NICE) of the United Kingdom published clinical
guidelines entitled “Prophylaxis against IE: antimicrobial prophylaxis against IE in adults and
children undergoing interventional procedures” [57]. In that document, the NICE reviewed 4
clinical guidelines on the prevention of IE, including those published by the BSAC in 2006 and
the AHA in 2007. The NICE also reviewed the available evidence on the principal issues of IE
of oral origin and reported their conclusions. In 2009, the Task Force of the ESC published a
new guideline on the prevention, diagnosis and treatment of IE [58].

3.1. Susceptible patients

In its 2 protocols published in the 1960s on the prevention of IE associated with dental
procedures, the AHA defined subjects considered to be at risk of IE as those with rheumatic
heart disease or congenital heart disease [41,42]. In the early seventies, the AHA emphasised
that IE represented one of the most serious cardiac complications as it was associated with a
high morbidity and mortality, though it recognised that it was impossible to predict which
patients with cardiac abnormalities were susceptible to developing IE after interventions
(including those performed in the dental setting) [43]. However, they added patients with a
past history of IE, including those with no detectable cardiac abnormalities, to the list of
patients considered to be at risk of IE. For the first time, the AHA indicated that patients who
were candidates for cardiac surgery should undergo an exhaustive dental examination in order
to perform all necessary treatments in the weeks prior to the operation, with the aim of
reducing the risk of postoperative IE. After cardiac surgery, patients would remain indefinitely
in the category labelled at risk of IE (particularly those with prosthetic valves) and would
therefore be candidates for antibiotic prophylaxis. In the opinion of the AHA, patients with
atrial septal secundum defects repaired surgically by direct suturing, without the need for a
prosthetic patch, and patients who had undergone surgical repair of a patent ductus arteriosus
werenot atrisk of IE; in the AHA’s opinion, those patients would only need to receive antibiotic
prophylaxis for dental treatment performed during the first 6 months after cardiac surgery [43].

Five years later, in its new guideline, the AHA pointed out that, despite advances in antimicro-
bial chemotherapy and cardiovascular surgery, IE continued to be associated with a signifi-
cant morbidity and mortality [44]. For the first time, this Association listed those cardiac
alterations considered to carry a risk of IE and in which the administration of antibiotic
prophylaxis was indicated; the list included congenital heart disease, acquired valve disease
(rheumatic fever), idiopathic hypertrophic subaortic stenosis, mitral valve prolapse with
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insufficiency and prosthetic valves, but not the presence of a secundum atrial septal defect. The
AHA stated that mitral valve prolapse was associated with a relatively low incidence of IE and
that the use of prophylaxis in these patients was therefore controversial. Antibiotic prophylax-
is was not recommended for patients after coronary artery surgery, the insertion of pacemak-
ers, those on renal dialysis with arteriovenous fistulae or hydrocephalic patients with
ventriculoatrial shunts, although the it was added that “It will be the physician or dentist who takes
the final decision about whether the patient requires the administration of antibiotic prophylaxis” [44].

In the first BSAC guideline on the prevention of IE secondary to dental procedures, patients
considered to be at risk of IE included those with alterations of the endocardium due to
congenital or acquired disease, those with valvular heart disease and those with prosthetic
heart valves [49]. In 1984, the AHA stated that certain patients, such as those with prosthetic
heart valves or surgically constructed systemic-pulmonary shunts, presented a higher risk of
IE than patients with other heart conditions. This was the first guideline to include a discussion
of the action to be taken in patients who were anticoagulated with heparin or dicoumarin
derivatives, stating that the antibiotic prophylaxis should be administered intravenously or
orally, and that intramuscular injections should be avoided because of the risk of causing
haematomas [45].

In 1990, the AHA listed the heart conditions that did and did not require antibiotic prophylaxis
[46]. On the subject of heart transplant patients, the AHA briefly commented that some experts
considered these patients to be at risk of IE. In the case of patients with severe renal dysfunction,
it was suggested that the second dose of antibiotic (gentamycin or vancomycin) proposed in
some regimens should be omitted or modified [46]. Concerning the controversy over valve
prolapse, in 1990, the BSAC gave its first opinion in favour of prophylaxis in mitral valve
prolapse if the prolapse was associated with a systolic murmur [51].

The intense debate about IE prophylaxis that developed during the European Symposium held
in Lyon in 1994 led an international group of experts to draw up a consensus protocol jointly
with the Working Group on Valvular Heart Disease of the ESC [54]. The guideline was
published in 1995 and it listed the heart conditions that required prophylaxis, establishing for
the first time the conditions or diseases that were considered to carry a high risk of IE, such as
prosthetic heart valves, cyanotic congenital heart disease and previous episodes of IE. The
controversy concerning the administration of antibiotic prophylaxis in cases of mitral stenosis
without valve incompetence was also discussed [54].

In 1997, the AHA adopted a more conservative attitude, admitting that the incidence of IE
secondary to medico-surgical interventions in patients with cardiac abnormalities was low
[47]. It was suggested that the indication for antibiotic prophylaxis should be conditioned by
anumber of factors such as the degree of risk of IE associated with the patient’s specific cardiac
abnormality, the probability that the procedure performed might cause bacteraemia, possible
adverse reactions to the recommended antibiotics and the cost-benefit relationship of the
prophylactic regimens. One of the important novelties introduced by the AHA was the
differentiation between cardiac diseases with distinct levels of risk of developing IE (as had
previously been done by the ESC in the European Consensus of 1995), and consideration of
the associated morbidity and mortality (Table 1) [47].

59



60

Recent Advances in Infective Endocarditis

PROPHYLAXIS RECOMMENDED PROPHYLAXIS NOT RECOMMENDED

HIGH RISK OF IE LOW RISK OF IE

-Valve prostheses -Isolated secundum atrial septal defect

-Previous episodes of IE -Surgically repaired structural heart defects (after 6
-Cyanotic congenital heart disease? months)©

-Surgically constructed systemic-pulmonary shunts or -Previous coronary artery bypass graft surgery

conduits -Physiological, functional or innocent heart murmurs?
MODERATE RISK OF IE -History of Kawasaki’s disease without valve dysfunction
-Structural heart defects® -History of rheumatic fever without valve dysfunction

-Acquired valve disease (e.g. due to rheumatic disease)  -Cardiac pacemakers or defibrillators
-Hypertrophic obstructive cardiomyopathy
-Mitral valve prolapse with regurgitation and/or

thickened leaflets

a- Including isolated ventricular defects, transposition of the great vessels and tetralogy of Fallot; b- Including ventricular
septal defect, bicuspid aortic valve, primum atrial septal defects, patent ductus arteriosus and coarctation of the aorta;
¢- Including atrial and ventricular septal defects and patent ductus arteriosus; d- If the precise nature of the murmur is
not known, specialist opinion should be sought.

Table 1. Classification of patients at risk of IE: AHA guideline (1997) [47].

The AHA also defined the profile of the patient with mitral valve prolapse in whom prophy-
laxis should be given as male, over 45 years of age, with mitral valve thickening and/or
regurgitation. If the patient required emergency dental treatment and it was not known
whether or not regurgitation secondary to the prolapse was present, the AHA recommended
antibiotic prophylaxis. The AHA also stated that, whilst auscultation enabled innocent cardiac
murmurs to be defined clearly in paediatric patients, their diagnosis in adults required
complementary studies, such as echocardiography. Finally, the AHA reiterated that many
professionals classified heart transplant recipients as having a moderate risk of IE indefinitely,
as they were patients with a particular tendency to develop valve dysfunction (particularly
during episodes of rejection) and because they were usually on immunosuppressants; these
patients should therefore receive antibiotic prophylaxis [47].

In the guideline proposed by the ESC in 2004 [55], the classification of at-risk patients was
similar to that published previously by the AHA in 1997 [47]. For the ESC, the classification
represented a class I recommendation (when there is evidence and/or general agreement that
a certain treatment or diagnostic approach is beneficial, useful or effective) with level C
evidence (when there is expert consensus based on clinical trials or investigations). For the first
time, the ESC added a number of so-called non-cardiac conditions in which antibiotic pro-
phylaxis should be given: conditions that favour the development of nonbacterial thrombotic
vegetations, those which compromise immune function and/or local non-immune defence
mechanisms in the host and advanced age [55].

In 2004, the BSC and RCP indicated that the risk of developing IE varied according to the
underlying cardiac abnormality and that, in the case of congenital heart disease, it depend-
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ed on the haemodynamic repercussions of the condition and whether surgical treatment was
palliative or curative [56]. To reflect these differences in susceptibility to IE, the experts
established 3 risk groups (Table 2). The principal differences to be found on comparison with
the classifications of at-risk patients published previously by the AHA [47] and ESC [55]
were that mitral valve prolapse with regurgitation and/or thickening of the leaflets was
incorporated into the high-risk group and that prophylaxis was recommended up to 12
months after atrial septal defect/patent foramen ovale (ASD/PFO) catheter-based closure
procedures and only for the first 6 months after heart and/or lung transplant [56]. The BSC
and RCP also recommended that all patients at risk of IE should have a card with the following
information: type of cardiac lesion, degree of risk of developing IE, history of penicillin
allergy, the prophylactic regimen that should be administered, and name and telephone
number of the cardiologist [56].

PROPHYLAXIS RECOMMENDED

PROPHYLAXIS NOT RECOMMENDED

HIGH RISK OF IE

-Prosthetic heart valves

-Previous episodes of IE

-Cyanotic congenital heart disease

-Transposition of the great vessels

-Tetralogy of Fallot

-Gerbode's defect

-Surgically constructed systemic-pulmonary shunts or
conduits

-Mitral valve prolapse with clinical repercussion?
MODERATE RISK OF IE

-Acquired valve disease (e.g. due to rheumatic heart
disease)

-Aortic stenosis

-Aortic regurgitation

-Mitral regurgitation

-Structural heart defects®

-Hypertrophic obstructive cardiomyopathy

-Subaortic membrane

LOW RISK OF IE

-Pulmonary stenosis

-Surgically repaired structural heart defects®
-Post Fontan or Mustard procedure with no residual
murmur or defect

-Isolated secundum atrial septal defectd
-Previous coronary artery bypass surgery
-Mitral valve prolapse without regurgitation
-Innocent heart murmurse

-Cardiac pacemakers or defibrillators'
-Coronary artery stent implantation

-Heart and/or lung transplant?

a- Presence of mitral valve regurgitation and/or thickening of the valves; b- Including ventricular septal defects, bicuspid aortic
valve, primum atrial septal defects, patent ductus arteriosus, aortic root replacement, coarctation of the aorta, atrial septal
aneurysm and patent foramen ovale; c- Including atrial septal defect, ventricular septal defect and patent ductus arteriosus; d-
Antibiotic prophylaxis recommended up to 12 months after catheter closure of ASD/PFO; e- If the precise nature of the murmur
is not known, the opinion of a cardiologist should be sought; in emergency situations, even if the possible repercussion of the
murmur is not known, prophylaxis may be administered for certain dental procedures; f- With the exception of patients consid-
ered to have a moderate or high risk of IE, in whom antibiotic prophylaxis is recommended; g- Antibiotic prophylaxis is recom-
mended for the first 6 months after surgery.

Table 2. Classification of patients at risk of IE: BCS and RCP (London) guideline (2004) [56].
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In recent years, the updated guidelines published by the BSAC [53], the AHA [48], the NICE
[57] and the ESC [58] have limited prophylaxis to high-risk patients, but the cardiac conditions
included by each Expert Committee differ (Table 3). For example, according to the latest
AHA guideline, IE prophylaxis for dental procedures should be recommended only for
patients with underlying cardiac conditions associated with the highest risk of adverse
outcome from IE. The conditions included in the list were prosthetic heart valves, previous
IE, congenital heart disease (unrepaired defect, repaired defect with residual alterations and
the first 6 months after complete repair of a defect) and heart transplant recipients who
develop valve disease [48]. Although the AHA guideline recommended prophylaxis in heart
transplant recipients who developed valve disease, the ESC stated that such a recommenda-
tion was not supported by strong evidence. In addition, although the risk of an adverse
outcome was high when IE occurred in transplant patients, the probability of IE of oral origin
was extremely low in these patients. Consequently, the ESC did not recommend prophylax-
is in such situations [58]. The ESC recommended prophylaxis for cardiac conditions associated
with the highest risk of IE (the list is similar to the one proposed by the AHA, except for
heart transplant) based on a Class Ila recommendation (weight of evidence/opinion is in
favour of usefulness/efficacy) and Level C evidence (consensus of opinion of the experts and/
or small studies, retrospective studies, registries)[58]. The NICE also included other cardiac
conditions at risk of IE, such as acquired valve disease with stenosis or regurgitation and
hypertrophic cardiomyopathy [57].

In our opinion, this lack of consensus could provoke conflicting situations for clinicians at the
time of identifying high-risk patients requiring antibiotic prophylaxis, and this could have
medico-legal repercussions. However, if a clinician takes into account all the high-risk cardiac
conditions defined each of the Expert Committees, there would be no omissions from the group
of at-risk patients requiring antibiotic prophylaxis compared with previous IE prophylaxis
protocols [59].

3.2. At-risk dental procedures

In 1960, the AHA stated that the dental procedures in which prophylaxis was indicated were
dental extractions and gingival treatments, specifying that these procedures frequently caused
transient bacteraemia and that the bacteraemia was more intense in patients with oral
infections. They also admitted that certain normal activities such as toothbrushing and
chewing gave rise to bacteraemia, although of lower intensity [41].

In 1972, a dentist, Dean Millard, was incorporated for the first time onto the AHA panel of
experts; this led to recognition of the importance of a good oral health status in minimising
the risk of developing IE of oral aetiology. The administration of antibiotic prophylaxis was
recommended before performing any dental procedure associated with the potential for
causing bacteraemia, the intensity of which depended on the magnitude of the procedure, the
degree of the trauma to the gingival tissues and the presence of infection. Prophylaxis was
therefore recommended for any dental procedure that caused gingival bleeding [43]. Five years
later, the AHA recognised the impossibility of predicting which dental procedures could be
responsible for causing IE. Antibiotic prophylaxis was recommended for treatments that can
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PROPHYLAXIS RECOMMENDED

BSAC, 2006 AHA, 2007/ESC, 2009
-Previous episodes of IE -Previous episodes of IE
-Prosthetic heart valve -Prosthetic heart valve

-Surgically constructed systemic or pulmonary shunt -Congenital heart disease (CHD)?

or conduit Unrepaired cyanotic CHD, including palliative shunts and

conduits

First 6 months after complete repair of a congenital heart
defect with prosthetic material or device, whether placed
by surgery or by catheter intervention®

Repaired congenital heart defect with residual defects at
the site or adjacent to the site of a prosthetic patch or

prosthetic device (which inhibits endothelialisation)

-Heart transplant recipients who develop valve disease®

NICE, 2008

-Previous episodes of IE

-Prosthetic heart valve

-Acquired valve disease with stenosis or regurgitation

-Structural congenital heart disease, including surgically corrected or palliated structural conditions, but excluding
isolated atrial septal defect, fully repaired ventricular septal defect or fully repaired patent ductus arteriosus, and
closure devices that are judged to be endothelialised

-Hypertrophic cardiomyopathy

a- Except for the conditions listed above, antibiotic prophylaxis is no longer recommended for any other form of CHD;
b- Prophylaxis is recommended because endothelialisation of prosthetic material can take up to 6 months after the
procedure; c- Although the AHA guideline recommend prophylaxis in heart transplant recipients who develop valve
disease, the ESC Task Force does not recommend prophylaxis in such situations.

Table 3. High-risk cardiac conditions requiring antibiotic prophylaxis for IE: guidelines of the BSAC (2006), the AHA
(2007), the NICE of the United Kingdom (2008) and the ESC (2009) [48,53,57,58].

cause gingival bleeding, such as scaling, but not for procedures such as the adjustment of
orthodontic appliances and the exfoliation of primary teeth [44].

In the first guideline for the prevention of IE published by the BSAC in 1982, antibiotic
prophylaxis was recommended exclusively for dental extractions, scaling and root planing
and periodontal surgery [49]. In 1986, the AHA confirmed that certain dental procedures such
as dental extractions were associated with a higher frequency of significant bacteraemia than
other treatments [50]. In 1990, the AHA reported that bacteraemia secondary to dental
procedures did not persist for more than 15 minutes after completion of the procedure.
However, their Committee reiterated the importance of maintaining an optimal oral health
status in patients considered to be at risk of IE. On this matter, dentists were encouraged to
minimise gingival inflammation. Curiously, the AHA also discussed the need to control the
fit of dental prostheses in edentulous patients as there was a possibility of developing
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bacteraemia because of mucosal ulceration due to poorly fitting prostheses [46]. For its part,
the BSAC, in 1992, pronounced for the first time against the use of intraligamental local
anaesthesia in patients considered to be at risk of IE [52].

In 1995, the ESC declared that dental treatment constituted the principle risk factor for IE and
that all procedures should therefore be performed under antibiotic prophylaxis, with the
exception of superficial fillings and supragingival prosthetic preparations. However, the ESC
recognised that although at-risk dental procedures led to a high prevalence of bacteraemia,
this was not predictive of the risk of developing IE. In this context, the duration of the
procedure could represent a possible conditioning factor [54].

Inits guideline published in 1997, the AHA listed the dental procedures that required antibiotic
prophylaxis and those in which this was not necessary (Table 4) [47].

PROPHYLAXIS RECOMMENDED PROPHYLAXIS NOT RECOMMENDED
-Dental extractions -Restorative dentistry (operative and prosthodontic) with or
-Periodontal procedures? without retraction cord

-Placement of implants and reimplantation of avulsed -Non-intraligamental anaesthetic injections

teeth -Intracanal post placement and build-up

-Endodontal instrumentation or periapical surgery -Placement of a rubber dam

-Placement of subgingival antibiotic fibres or strips -Removal of sutures

-Initial placement of orthodontic bands -Placement of removable prosthetic or orthodontic appliances
-Intraligamental anaesthetic injections -Intra-oral impressions

-Cleaning of teeth or implants® -Fluoride treatments

-Intra-oral radiographs
-Orthodontic appliance adjustment

-Exfoliation of primary teeth

a- Including surgery, root planing and scaling, probing and maintenance; b- When bleeding is anticipated.

Table 4. Dental procedures and antibiotic prophylaxis in patients with a high or moderate risk of IE: AHA guideline
(1997) [47].

In general, as in previous protocols, antibiotic prophylaxis was recommended for dental
procedures associated with gingival bleeding but it was not recommended for restorative
dental procedures (with or without gingival retraction), the placement of a rubber dam or
the removal of sutures. Although the possibility of developing bacteraemia secondary to
traumatic ulcers caused by poorly fitting prostheses had previously been included, the AHA
no longer recommended prophylaxis in edentulous patients during the fitting of complete
prostheses [47].

In 2004, in agreement with previous guidelines [47,52,54], the ESC once again recommended
antibiotic prophylaxis for “dental treatments that caused gingival or mucosal trauma” [55]. In
contrast, the BCS and the RCP modified certain aspects concerning bacteraemia of oral origin
[56]. First, they excluded the concept of "procedures that cause bleeding" as a criterion for the
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indication for antibiotic prophylaxis in patients at risk of IE; they also re-evaluated the
definition of "significant bacteraemia" which, according to their new interpretation, was defined
as "bacteraemia secondary to a dental procedure that was statistically significant with respect to the
bacteraemia present under basal conditions (prior to any manipulation)". Considering these new
provisions, the indication for prophylaxis included not only surgical procedures such as dental
extractions or mucoperiosteal flaps but also other less traumatic procedures such as the
placement of a rubber dam, matrices, wedges or retraction cords (Table 5) [56]. Although that
Committee recognised the existence of bacteraemia secondary to activities considered to be
physiological (such as toothbrushing), it also recognised the impossibility of administering
prophylaxis for such practices due to the high risk of potentiating the development of bacterial
resistance [56].

In 2006, the BSAC summarized the indications for antibiotic prophylaxis for high-risk patients
stating that it should be given for “all dental procedures involving dento-gingival manipulation or
endodontics” [53]. According to the latest AHA and ESC guidelines, prophylaxis was recom-
mended for all dental procedures that involved manipulation of gingival tissues or the
periapical region of teeth or perforation of the oral mucosa. This included procedures such as
biopsies, suture removal and placement of orthodontics bands, but it did not include routine
anaesthetic injections through non-infected tissue, taking dental radiographs, placement of
removable prosthodontic or orthodontic appliances, placement of orthodontic brackets, or
adjustment of orthodontic appliances [48,58]. The dental procedures with the highest risk of
IE and for which prophylaxis was recommended were associated with a Class Ila recommen-
dation (weight of evidence/opinion is in favour of usefulness/efficacy) and Level C evidence
(consensus of opinion of the experts and/or small studies, retrospective studies, registries) [58].
There are other events for which prophylaxis was not recommended, such as shedding of
deciduous teeth and trauma to the lips or oral mucosa [48].

In the latest guidelines published by the BSAC, the AHA, the NICE of the United Kingdom,
and the ESC, the emphasis for the cause of IE shifted from procedure-related bacteraemia to
cumulative bacteraemia due to everyday oral activities [48,53,57,58]. The NICE considered that
it was biologically implausible that a dental procedure would lead to a greater risk of IE than
regular toothbrushing. On the other hand, even some expert committee guidelines concurred
with the premise “Maintenance of optimal oral hygiene and periodontal health may reduce the
incidence of bacteraemia of oral origin and, in the context of a dental procedure, is more important than
prophylactic antibiotics to reduce the risk of IE” [48,58].

The NICE has adopted a drastic stance in this respect, issuing the statement that “antibiotic
prophylaxis for IE is not recommended in individuals undergoing dental procedures” [58]. Recently,
following the introduction in March 2008 of a clinical guideline from NICE recommending the
cessation of antibiotic prophylaxis in the United Kingdom, Thornhill et al [60] quantified the
change in the prescription of antibiotic prophylaxis to patients at risk of IE undergoing invasive
dental procedures and looked for any concurrent change in the incidence of IE. Despite a 78.6%
reduction in the prescription of antibiotic prophylaxis after the introduction of the NICE
guideline, that study detected no large increase in the incidence of cases of IE or of IE-related
deaths over the following 2 years. Those authors concluded that ongoing data monitoring was
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TYPE OF PROCEDURE

PROPHYLAXIS RECOMMENDED

PROPHYLAXIS NOT RECOMMENDED

ORAL SURGERY

-Extraction of a single tooth

-Extraction of multiple teeth
-Mucoperiosteal flap for access to a tooth or
lesion

-Dental implants (as for mucoperiosteal flap)

-Incision and drainage of an abscess

-Biopsy

-Insertion of implants (transmucosal approach)
-Exfoliation of primary teeth

-Suture removal

-Removal of surgical packs

PERIODONTICS

-Periodontal surgery

-Gingivectomy

-Root curettagea

-Root planing (similar to curettage)
-Placement of antibiotics in the gingival
sulcusb

-Rubber cup polishing

-Oral irrigation with water

-Air polishing

ENDODONTICS

-Root canal instrumentation beyond the apex

-Reimplantation of avulsed teeth®

-Root canal instrumentation (within the root
canal)
-Pulpotomy of primary molars

-Pulpotomy of permanent molars®

ORTHODONTICS -Placement of interproximal separators -Band placement and cementation
-Exposure of unerupted teeth -Band removal
-Adjustment of fixed appliances
-Taking alginate impressions
CONSERVATIVE -Placement of a rubber dam -Slow and fast drilling (without a rubber dam)
DENTISTRY -Matrix band and wood wedge placement

-Placement of a retraction cord

PREVENTIVE DENTISTRY

-Fossa and fissure sealing

-Fluoride application

ANAESTHETIC -Local intraligamental -Local infiltrative
TECHNIQUES -Local nerve block

-General with oral intubation

-General with nasal intubation

-General with laryngeal mask
EXPLORATION -Periodontal probing -Dental examination with mirror and probe
TECHNIQUES
DIAGNOSTIC -Sialography -Intra-oral radiographs
TECHNIQUES -Extra-oral radiographs

a- Both supra and subgingival, with manual instrumentation or ultrasound; b- Although there are no studies on this
subject, this procedure is very similar to the placement of a retraction cord; c- Antibiotic prophylaxis may be administered
up to 2 hours after dental reimplantation; d- Although there are no studies on this subject, this procedure is very similar
to pulpotomy of primary molars.

Table 5. Dental procedures and antibiotic prophylaxis in patients with a high or moderate risk of IE: BCS and RCP
(London) guideline (2004) [56].
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needed to confirm this observation supporting the NICE guideline and that further clinical
trials should be performed to determine if antibiotic prophylaxis still has a role in protecting
some patients at particularly high risk [60].

3.3. Anaesthetic technique

In 1960, the AHA recommended the administration of antibiotic prophylaxis for any surgical
intervention (including those in the orofacial area) performed under general anaesthesia in
patients considered to be at risk of IE [41]. However, in subsequent protocols published by the
AHA, no specific observations were made with regard to the type of anaesthesia used [42-48].

The BSAC, on the other hand, specified for the first time in 1982 that when dental treatment
was performed under general anaesthesia, special prophylactic protocols should be applied,
also considering that "If patients due to undergo a general anaesthesia have prosthetic heart valves
and/or are allergic to penicillin and/or have received prolonged treatment with penicillin and/or have
had previous episodes of IE, their dental problems should be treated in a hospital environment"
[49]. The BSAC has maintained that opinion in its protocols on IE prevention published in
1986, 1990 and 1992 [50-52]. In 1995, the ESC also included the anaesthetic technique among
the factors to be taken into account when choosing the prophylactic regimen [54]. In the
guideline published by the BCS and RCP in 2004, specific prophylaxis regimens were included
for dental procedures performed under general anaesthesia [56].

In agreement with the AHA, the latest protocols of the BSAC and ESC on IE prevention
recommend antibiotic prophylaxis irrespective of whether the dental procedure is performed
under general or local anaesthesia [53,58].

3.4. Antibiotics of choice, dose and route of administration

In 1960, the AHA pronounced in favour of administering antibiotic prophylaxis from between
24 and 48 hours before the dental procedure, even in the absence of intraoral infections, in
order to reduce the intensity of the post-manipulation bacteraemia [41]. However, in view of
the problem of bacterial resistance, it was also suggested that prophylaxis could be adminis-
tered immediately before the procedure. According to the AHA, the choice of one or other
regimen depended on the professional, who should evaluate the probability of infection in
order to decide when the prescription of antibiotics was indicated. In contrast to the guideline
published in 1955 [39], the exclusively oral protocols were excluded in favour of intramuscular
administration, although penicillin continued to be the antibiotic of choice; the prophylactic
regimen consisted of several injections of penicillin from 2 days before up to 2 days after the
session of dental treatment. A combined intramuscular-oral prophylactic regimen was also
elaborated. For patients with a history of penicillin allergy, the AHA was the first to recom-
mended erythromycin at doses of 250 mg orally 4 times a day (for adults and older children);
in small children, the dose of erythromycin was of 20 mg/kg body-weight per day, divided
into 3 or 4 doses, not exceeding a total dose of 1 g per day [41].

In 1965, the AHA stated that antibiotic prophylaxis should only be administered immediately
before the dental procedure and on the subsequent days; this recommendation was based on
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the argument that penicillin did not sterilise the apical foci, and that its excessive use led to
the selection of a resistant oral flora. The AHA also reduced the parenteral regimen to a single
injection of several penicillins. In those cases in which the complete collaboration of the patient
could be anticipated, an exclusively oral regimen of several doses of penicillin was proposed.
Erythromycin was recommended for patients allergic to penicillin [42].

In 1972, the AHA modified its recommendations to include an increase in the initial doses
of penicillin and erythromycin administered orally and the use of erythromycin in patients
on prolonged treatments with penicillin, as penicillin-resistant Streptococcus viridans could
predominate in their oral flora [43]. Five years later, the AHA suggested increasing the initial
dose of the antibiotic even further in order to reach higher serum concentrations at the
moment at which the microorganism entered the bloodstream [44]. However, they fav-
oured the parenteral regimen, particularly in patients considered to be at high risk of IE. Two
regimens were recommended: regimen A, based on the use of penicillin (erythromycin was
recommended in patients allergic to penicillin) for parenteral-oral or exclusively oral
administration, and regimen B, which combined penicillin and streptomycin (vancomycin
and erythromycin for patients allergic to penicillin) for parenteral-oral administration. This
latter protocol was reserved for patients with prosthetic heart valves, although patients with
a good oral health status could receive the oral prophylaxis regimen for certain non-
surgical dental procedures [44].

The BSAGC, in its first guideline, suggested a single prophylactic regimen of a single dose of
amoxicillin before the dental procedure for all patients considered to be at risk of IE (including
patients with prosthetic heart valves) [49]. The BSAC substituted penicillin V, previously
recommended by the AHA [44], with amoxicillin due to its more favourable pharmacokinetic
and pharmacodynamic characteristics. Erythromycin stearate was the antibiotic of choice in
patients allergic to penicillin but because this macrolide has lower activity than amoxicillin
against some oral streptococci and showed a lower absorption after a single oral dose, they
proposed a second dose 6 hours after completing the dental procedure. One quarter of the
adult dose was recommended in children under 5 years of age and a half dose in those of 5 to
10years of age [49]. In contrast to the AHA [44], the BSAC proposed a combined intramuscular-
oral regimen in patients undergoing dental treatment under general anaesthesia. Special
prophylactic regimens were proposed for patients being treated in the hospital environment;
these regimens were based on the association of amoxicillin and gentamycin or, in patients
unable to receive penicillin, a combination of vancomycin and gentamyecin; the following doses
were used in children under 10 years of age: amoxicillin, half the adult dose; gentamycin, 2
mg/kg body-weight; and vancomycin, 20 mg/kg body-weight [49].

In its protocol published in 1984, the AHA reduced the dose of the antibiotic after completion
of the dental treatment, recommending the administration of penicillin V before the dental
procedure and a second dose 6 hours after the first. In those patients in whom the oral route
was not available, intramuscular penicillin G was proposed before the procedure and 6 hours
later [45]. The AHA also showed a clear preference for the parenteral route in patients at high
risk of IE and drew up a special regimen for these patients consisting of intramuscular or
intravenous ampicillin and gentamycin, together with a second dose of penicillin V orally;
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intravenous vancomycin was recommended for patients allergic to penicillin, eliminating the
second dose of erythromyecin [45].

In 1986, the BSAC suggested that vancomycin should be given by slow intravenous infusion
over 60 minutes (instead of the previously recommended 30 minutes) to minimise adverse
reactions such as episodes of hypotension caused by histamine release (red-man syndrome)
[50]. As an alternative to the parenteral regimen proposed earlier, the BSAC proposed 2 oral
regimens for patients without prosthetic heart valves undergoing dental treatment under
general anaesthesia. The first was based on the administration of amoxicillin before anaesthetic
induction followed by a second dose in the immediate postoperative period; the second
regimen consisted of the combination of amoxicillin and probenecid administered before
anaesthesia [50]. For the first time, the BSAC differentiated between patients with prosthetic
heart valves and other patients considered to be at risk of IE, as the AHA [45] had done in its
1984 guideline, proposing specific oral prophylactic regimens for such patients undergoing
dental treatment under local anaesthesia [50].

Differing from the BSAC guideline [50], the 1990 AHA guideline continued to favour regi-
mens based on 2 doses. Of particular note amongst the novelties introduced in this protocol was
the incorporation of amoxicillin as the antibiotic of choice for all groups at risk of IE [46], an
approach that had been adopted by the BSAC in 1982 [49]. According to the AHA, amoxicillin,
ampicillin and penicillin showed similar efficacy against a-haemolytic streptococci in vitro but
amoxicillin reached higher serum concentrations due to its better gastrointestinal absorption.
However, they also defended the use of penicillin V as a suitable alternative for prophylaxis in
dental procedures. Erythromycin, in its ethylsuccinate or stearate salt preparations, continued
to be the antibiotic of choice in patients allergic to penicillin, being administered 2 hours before
the procedure to ensure high serum concentrations. For the first time, the AHA recommended
the administration of clindamycin in patients intolerant to penicillin and erythromycin [46]. For
patients unable to take oral medication, the AHA drew up a number of regimens for parenter-
al administration as alternatives to the standard protocol, proposing ampicillin (in patients not
allergic to penicillin) and clindamycin (in penicillin-allergic patients) as the antibiotics of choice
[46]. In contrast to the previous protocols [45], the AHA recommended the administration of the
standard regimen to patients with prosthetic heart valves and other patients considered to be at
high risk of IE (patients with a past history of IE and those with surgically constructed systemic-
pulmonary shunts). However, recognising that some professionals preferred parenteral
prophylaxis, they also drew up a special parenteral regimen for this type of patient [46].

The prophylactic protocol recommended by the BSAC in 1990 included a new option [51]. Due
to the high prevalence of undesirable gastrointestinal effects caused by erythromycin, and
based on the guideline published in 1984 by the Swiss Expert Committee for the prevention
of IE [61], the BSAC proposed the administration of a single oral dose of 600 mg of clindamycin
1 hour before the procedure as an alternative in patients with penicillin allergy; the dose of
clindamycin in children under 10 years of age was of 6 mg/kg body-weight [51]. In 1992, the
BSAC definitively replaced erythromycin with clindamycin in patients allergic to penicillin,
modifying the initial dose in children to 300 mg in those between 5 and 10 years of age and to
150 mg in those under 5 years [52]. Due to the high prevalence of adverse effects associated
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with vancomycin and its prolonged duration of administration (around 100 minutes), the
BSAC drew up 2 alternative regimens for penicillin-allergic patients with a high risk of IE who
were being treated in the hospital environment. One was based on the intravenous combina-
tion of teicoplanin and gentamycin (in children under 14 years of age the doses were teico-
planin, 6 mg /kg body-weight, and gentamycin, 2 mg/kg body-weight); and the other consisted
of an intravenous infusion of clindamycin with a second dose 6 hours after the first. Finally,
in patients undergoing dental treatment under general anaesthesia, the BSAC specified that
prophylaxis with amoxicillin should be administered intravenously instead of intramuscular-
ly, particularly in children [52].

In 1995, the ESC performed a critical review of the prophylaxis protocols drawn up by the
different national committees, noting clear differences between countries, although all
included a simple or standard regimen and another more complex regimen for use in special
circumstances [54]. In general, the standard guidelines consisted of the oral administration of
a single dose of antibiotic which, in the majority of countries, was amoxicillin. Some societies
recommended the administration of a second dose, particularly in patients considered to be
at high risk of IE. In patients allergic to the beta-lactams, the antibiotic of choice was clinda-
mycin at doses between 300 mg and 600 mg, although some countries, for example, Holland
and France, recommended other antibiotics such as erythromycin or pristinamycin [54]. The
more complex regimens were based on the synergistic and prolonged effect provided by
several doses of different antibiotics with the aim of increasing the safety margin in special
situations. In an analysis performed by the ESC, it was found that the majority of protocols
recommended ampicillin or amoxicillin by intravenous infusion followed by a second oral
dose 6 hours later; there were only minor differences with respect to the doses used. Although
some countries did not use the aminoglycosides, these were recommended in other countries
in patients considered to be at high risk of IE. The most frequently used antibiotic of choice in
patients allergic to penicillin was vancomycin by intravenous infusion; for some scientific
societies, teicoplanin and clindamycin were possible antimicrobial alternatives [54]. According
to the ESC, the choice of the most suitable prophylactic regimen should be based on the
following considerations: the heart condition defined as carrying a risk of IE; the type,
magnitude and duration of the dental procedure; and the type of anaesthesia used (local or
general). The ESC therefore considered the possibility of individualising the antibiotic
prophylaxis regimen in certain situations [54]. The oral regimen proposed by the ESC consisted
of the administration of amoxicillin or clindamycin (in penicillin-allergic patients), whilst the
combination of amoxicillin or ampicillin with gentamycin and a second dose of amoxicillin
orally 6 hours later was recommended in the parenteral regimen. In patients allergic to
penicillin, the association of vancomycin and gentamycin was recommended, administering
a second dose of vancomycin by intravenous infusion 12 hours after the first dose [54].

The prophylactic protocol recommended by the AHA in 1997 is shown in Table 6 [47]. Itis based
on a single dose of amoxicillin administered orally 1 hour before the procedure. In this proto-
col, the dose of amoxicillin was reduced from 3 g to 2 g after confirming that this latter dose
provided adequate serum levels of the drug over several hours and caused fewer adverse
gastrointestinal effects. Accepting an approach thathad been adopted by other societies several
years earlier [49-52], the AHA recognised that the administration of a second dose of antibiotic
wasunnecessary, since theserumlevelsof the drugexceeded the minimum inhibitory concentra-
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tions of many oral Streptococcus spp. and the antimicrobial activity of amoxicillin was pro-
longed (6to14hours). In patientsallergic to penicillin, the antibiotics of choice were clindamyecin,
cephalosporins (cefalexin or cefadroxil) or macrolides (azithromycin or clarithromycin),
although the AHA specified that the cephalosporins should be avoided in patients with type 1
hypersensitivity to penicillin [47]. In patients unable to take oral medication or with problems of
gastrointestinal absorption (independently of the IE risk category), the AHA drew up a regi-
men based on the use of intramuscular or intravenous ampicillin 30 minutes before the proce-
dure. In penicillin-allergic patients in whom parenteral administration of the antibiotic was
required, the recommended antibiotic was clindamycin phosphate and, in those patients not
presenting type 1 hypersensitivity, was cefazolin. Although erythromycin was abandoned
because of its gastrointestinal complications and its particular pharmacokinetic characteristics,
the AHA indicated that “Dentists who are used to prescribing this antibiotic successfully for prophylax-
is may continue to use it” [47].

STANDARD REGIMEN (ORAL)
NOT ALLERGIC TO PENICILLIN

ADULTS CHILDREN

2 g of amoxicillin 1 h before tmt 50 mg/kg body-weight of amoxicillin 1 h before tmt
ALLERGIC TO PENICILLIN

ADULTS CHILDREN

A) 600 mg of clindamycin 1 h before tmt A) 20 mg/kg body-weight of clindamycin 1 h before tmt

B) 2 g of cefalexin or cefadroxil 1 h before tmt? B) 50 mg/kg body-weight of cefalexin or cefadroxil 1 h before

C) 500 mg of azithromycin or clarithromycin 1 h beforetmt ~ tmt®
C) 15 mg/kg body-weight of azithromycin or clarithromycin 1
h before tmt

PARENTERAL REGIMEN®

NOT ALLERGIC TO PENICILLIN

ADULTS CHILDREN
2 g of ampicillin (IM or IV) 30 min before tmt 50 mg/kg body-weight of ampicillin (IM or IV) 30 min before
tmt

ALLERGIC TO PENICILLIN

ADULTS CHILDREN
A) 600 mg of clindamycin (IV) 30 min before tmt A) 20 mg/kg body-weight of clindamycin (V) 30 min before
B) 1 g of cefazolin (IM or IV) 30 min before tmt tmt

B) 25 mg/kg body-weight of cefazolin (IM or IV) 30 min

before tmt

tmt=treatment; min=minutes; h=hours; IM= intramuscular; [V=intravenous; mg= milligrams; g= grams; kg= kilograms.

a- The cephalosporins must not be administered to subjects with immediate hypersensitivity reactions to penicillin
(urticaria, angioedema or anaphylaxis); b- This protocol is to be applied in patients unable to take the medication orally;
the total dose in children should not exceed the adult dose.

Table 6. IE prophylaxis protocol for dental procedures: recommendation of the AHA (1997) [47].
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In 2004, the ESC published a guideline on IE prophylaxis which were very similar to the 1997
guideline of the AHA [47], except that the use of cephalosporins in patients allergic to penicillin
was excluded [55].

In the prophylaxis protocol for IE secondary to dental procedures drawn up by the BSC and
RCP (London) in 2004, prophylaxis was reserved for patients with heart diseases included in
the categories of high and moderate risk of IE, and the prophylactic regimens varied according
to the type of anaesthesia used [56]. Oral prophylaxis regimens were to be administered in
procedures performed under local anaesthesia and parenteral regimens for those performed
under general anaesthesia (Tables 7 and 8) [56]. In contrast to the 1997 guideline of the AHA
[47], the BCS and RCP also provided a special prophylactic regimen for patients with prosthetic
heart valves and/or previous episodes of IE (Table 9) [56].

The most recent IE prophylaxis protocols published by the BSAC [53], the AHA [48] and
the ESC [58] are very similar and are summarized in Tables 10 and 11. The most recent
prophylactic protocol published by the AHA continues to recommend amoxicillin as the
antibiotic of choice for oral prophylaxis. For individuals who are allergic to penicillins, the
use of cephalexin or another first-generation oral cephalosporin, clindamyecin, azithromy-
cin or clarithromycin is recommended [48]. Because of possible cross-reactions, a cephalo-
sporin must not be administered to patients with a history of anaphylaxis, angioedema or
urticaria after treatment with any form of penicillin, including ampicillin or amoxicillin.
Patients who are unable to tolerate an oral antibiotic may be treated with intramuscular
or intravenous ampicillin, ceftriaxone or cefazolin. For penicillin-allergic patients who are
unable to tolerate an oral agent, prophylaxis is recommended with parenteral cefazolin,
ceftriaxone or clindamycin [48]. According to the ESC, the main aim of antibiotic prophy-
laxis in patients at risk of IE is to target the oral streptococci. The impact of increasing
resistance of these pathogens on the efficacy of antibiotic prophylaxis is unclear. Fluoroqui-
nolones and glycopeptides are not recommended because their efficacy has not been
established and because of the potential induction of resistance [58].

It has been estimated that the number of cases of IE that result from dental interventions is
very small. The AHA has therefore concluded that only an extremely small number of cases
of IE will be prevented by antibiotic prophylaxis for dental procedures even if such prophy-
lactic regimens are 100% effective [48]. According to the ESC, this observation leads to 2
conclusions: (i) IE prophylaxis can at best only protect a small proportion of patients; and (ii)
the bacteraemia that causes IE in the majority of patients appears to derive from another source
[58]. Finally, the AHA stated the need for prospective placebo-controlled studies of antibiotic
prophylaxis for IE to evaluate its efficacy in IE prevention [48].

Reviewing the effect of antibiotic prophylaxis on the intensity and duration of bacterae-
mia following dental procedures, the NICE recently concluded that “Antibiotic prophylaxis
does not eliminate bacteraemia following dental procedures but some studies show that it does reduce
the frequency of detection of post-procedure bacteraemia” [57]. This conclusion was reached after
analysis of a number of studies on the efficacy of antibiotic prophylaxis for the preven-
tion of post-dental manipulation bacteraemia; those studies presented methodological
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differences with respect to the type of antibiotic used and the time and route of adminis-

tration. These important differences make a comparison of the results between the different

series inappropriate [59].

STANDARD REGIMEN (ORAL)

NOT ALLERGIC TO PENICILLIN

ADULTS

3 g of amoxicillin 1 h before tmt

CHILDREN OVER 10 YEARS OF AGE

Adult dose

CHILDREN BETWEEN 5 AND 10 YEARS OF AGE
1.5 g of amoxicillin 1 h before tmt

CHILDREN UNDER 5 YEARS OF AGE

750 mg of amoxicillin 1 h before tmt

ALLERGIC TO PENICILLIN®

ADULTS
600 mg of clindamycin 1 h before tmt

CHILDREN OVER 10 YEARS OF AGE

Adult dose

CHILDREN BETWEEN 5 AND 10 YEARS OF AGE
300 mg of clindamycin 1 h before tmt
CHILDREN UNDER 5 YEARS OF AGE

150 mg of clindamycin 1 h before tmt

UNABLE TO TAKE ORAL MEDICATION®

ADULTS
500 mg of azithromycin 1 h before tmt

CHILDREN OVER 10 YEARS OF AGE

Adult dose

CHILDREN BETWEEN 5 AND 10 YEARS OF AGE
300 mg of azithromycin 1 h before tmt
CHILDREN UNDER 5 YEARS OF AGE

200 mg of azithromycin 1 h before tmt

h=hours; tmt= treatment; mg= milligrams; g= grams.

a- This protocol should also be used in patients who have received penicillin or another beta-lactam on more than 1
occasion in the previous month; b- In Great Britain, clindamycin is not available in oral suspension.

Table 7. IE prophylaxis protocol for dental procedures performed under local anaesthesia: recommendation of the

BCS and RCP (London) (2004) [56].
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PARENTERAL REGIMEN

NOT ALLERGIC TO PENICILLIN

ADULTS CHILDREN OVER 10 YEARS OF AGE

2 g of amoxicillin or ampicillin (IV) during anaesthetic induction Adult dose
CHILDREN BETWEEN 5 AND 10 YEARS OF AGE
500 mg of amoxicillin or ampicillin (IV) during anaesthetic induction
CHILDREN UNDER 5 YEARS OF AGE

250 mg of amoxicillin or ampicillin (IV) during anaesthetic induction

ALLERGIC TO PENICILLIN?

ADULTS CHILDREN OVER 10 YEARS OF AGE

300 mg of clindamycin (IV over 10 min) during anaesthetic Adult dose

induction CHILDREN BETWEEN 5 AND 10 YEARS OF AGE

150 mg of clindamycin (oral or IV) 6 h after the first dose 150 mg of clindamycin (IV over 10 min) during anaesthetic induction

CHILDREN UNDER 5 YEARS OF AGE

75 mg of clindamycin (IV over 10 min) during anaesthetic induction

min= minutes; h=hours; IV= intravenous; mg= milligrams; g= grams; kg= kilograms.

a-This protocol should also be used in patients who have received penicillin or another beta-lactam on more than 1
occasion in the previous month.

Table 8. IE prophylaxis protocol for dental procedures under general anaesthesia: recommendation of the BCS and
RCP (London) (2004) [56].

PARENTERAL REGIMEN

NOT ALLERGIC TO PENICILLIN

ADULTS CHILDREN OVER 10 YEARS OF AGE
2 g of amoxicillin + 1.5 mg/kg body-weight of gentamycin (IV) 30  Adult dose

min before tmt CHILDREN UNDER 10 YEARS OF AGE
1 g of amoxicillin (oral or IV) 6 h after the first dose 1 g of amoxicillin + 1.5 mg/kg body-weight of gentamycin (IV) 30 min
before tmt

Amoxicillin (oral) 6 h after the first dose

ALLERGIC TO PENICILLIN?

ADULTS CHILDREN OVER 10 YEARS OF AGE
1 g of vancomycin (IV over 2 h) + 1.5 mg/kg body-weight of Adult dose
gentamycin (IV) before tmt CHILDREN UNDER 10 YEARS OF AGE

20 mg/kg body-weight of vancomycin (IV over 2 h) + 1.5 mg/kg body-

weight of gentamycin (IV) before tmt

min= minutes; h=hours; tmt= treatment; IV= intravenous; mg= milligrams; g= grams; kg= kilograms.

a- This protocol should also be used in patients who have received penicillin or another beta-lactam on more than 1
occasion in the previous month.

Table 9. Parenteral IE prophylaxis protocol for patients with prosthetic heart valves and/or previous episodes of IE
undergoing dental procedures under local or general anaesthesia: recommendations of the BCS and RCP (London)
(2004) [56].
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More than half of the studies published on antibiotic prophylaxis and post-dental extraction
bacteraemia have investigated the efficacy of the penicillins. The results obtained in the
majority of those studies confirmed the efficacy of these antibiotics in prevention, as bacter-
aemia did not develop in a significant number of patients (compared with the results obtained
in patients not receiving antibiotic prophylaxis) [62,63]. However, there are fewer studies on
the effect of the prophylactic administration of other antibiotics (clindamycin, azithromycin
and cephalosporins) recommended for the prevention of post-dental extraction bacteraemia,
and their results have not established whether these antibiotics are effective [62].

STANDARD REGIMEN (ORAL)

BSAC, NOT ALLERGIC TO PENICILLIN: 3 g of amoxicillin 1 h before tmt
2006 ALLERGIC TO PENICILLIN: 600 mg of clindamycin 1 h before tmt
UNABLE TO TAKE ORAL MEDICATION®: 500 mg of azithromycin 1 h before tmt

AHA, 2007 NOT ALLERGIC TO PENICILLIN: 2 g of amoxicillin 1 h before tmt
ALLERGIC TO PENICILLIN: 2 g of cephalexin 1 h before tmt®
600 mg of clindamycin 1 h before tmt

500 mg of azithromycin or clarithromycin 1 h before tmt

ESC,2009  NOT ALLERGIC TO PENICILLIN: 2 g of amoxicillin 30 min-1 h before tmt
ALLERGIC TO PENICILLIN: 600 mg of clindamycin 30 min-1 h before tmt

tmt= treatment; min= minutes; h=hours; mg= milligrams; g= grams.

a- In Great Britain, clindamycin is not available in oral suspension; b- Cephalosporins must not be administered to
subjects with immediate hypersensitivity reactions to penicillin (urticaria, angioedema or anaphylaxis).

Table 10. IE prophylaxis protocols (oral regimens) for dental procedures: recommendations of the BSAC (2006), the
AHA (2007) and the ESC (2009) [48,53,58].

For children, the BSAC recommended amoxicillin (10 years, adult dose; >5-<10 years, 1.5 g;
<5 years, 750 mg), clindamycin (210 years, adult dose; >5-<10 years, 300 mg; <5 years, 150 mg)
or azithromycin (210 years, adult dose; 25-<10 years, 300 mg; <5 years, 200 mg). For children,
the AHA recommended amoxicillin (50 mg/kg body-weight), clindamycin (20 mg/kg body-
weight), cefalexin (50 mg/kg body-weight), or azithromycin or clarithromycin (15 mg/kg body-
weight). For children, the ESC recommended amoxicillin (50 mg/kg body-weight) or
clindamycin (20 mg/kg body-weight).

For children, the AHA and ESC recommended ampicillin or amoxicillin (50 mg/kg body-
weight), clindamycin (20 mg/kg body-weight), or cephalexin, cefazolin or ceftriaxone (50 mg/
kg body-weight).

For children, the BSAC recommended amoxicillin (>10 years, 1 g; 25-<10 years, 500 mg; <5
years, 250 mg) or clindamyecin (10 years, 300 mg; >5-<10 years, 150 mg; <5 years, 75 mg).

A second conclusion reached by the NICE was that “It is not possible to determine the effect of
antibiotic prophylaxis on the duration of bacteraemia”. Probably influenced by the idea that
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PARENTERAL REGIMEN

BSAC, 2006 NOT ALLERGIC TO PENICILLIN: 1 g of amoxicillin (IV) just before tmt or at induction of anaesthesia
ALLERGIC TO PENICILLIN: 300 mg of clindamycin (IV)?just before tmt or at induction of anaesthesia

AHA, 2007 NOT ALLERGIC TO PENICILLIN: 2 g of ampicillin (IM or IV) 30 min before tmt

ALLERGIC TO PENICILLIN: 1 g of cefazolin or ceftriaxone (IM or IV) 30 min
before tmtc

600 mg of clindamycin (IM or IV) 30 min before

tmt
ESC, 2009 NOT ALLERGIC TO PENICILLIN: 2 g of ampicillin (IV) 30 min-1 h before tmt
ALLERGIC TO PENICILLIN: 2 g of cephalexin (IV) 30 min-1 h before tmt

1 g of cefazolin or ceftriaxone (IM or IV) 30 min
before tmte
600 mg of clindamycin (IV) 30 min-1 h before tmt

tmt= treatment; min= minutes; h= hours; IM= intramuscular; IV= intravenous; mg= milligrams; g= grams.

a- Given over at least 10 min; b- Given over 2 hours; c- Cephalosporins must not be administered to subjects with
immediate hypersensitivity reactions to penicillin (urticaria, angioedema or anaphylaxis).

Table 11. IE prophylaxis protocols (parenteral regimens) for dental procedures: recommendations of the BSAC (2006),
the AHA (2007) and the ESC (2009) [48,53,58].

bacteraemia secondary to dental procedures is of a transitory nature, few studies have been
published on the effect of antibiotic prophylaxis on the duration of post-dental extraction
bacteraemia [40]. On this question, the results of our research group have shown that the
prophylactic administration of oral amoxicillin (2 g) significantly reduces the prevalence of
bacteraemia at 15 minutes and 1 hour after completing dental extractions under general
anaesthesia [62]. The conclusions reached by the NICE on the lack of efficacy of antibiotic
prophylaxis for the prevention of bacteraemia following dental procedures are based on a
small volume of published scientific evidence [59]. Further research should therefore be
performed on the recommended antibiotics regimens for IE prophylaxis, analysing the
influence of the choice of antibiotic and the time and route of administration, and also on new
antibiotic protocols [40].

Antibiotic administration does carry a small risk of anaphylaxis [58]. However, no case of fatal
anaphylaxis has been reported in the literature after the oral administration of amoxicillin for
IE prophylaxis [63]. Widespread and often inappropriate use of antibiotics may result in the
emergence of resistant microorganisms [58], but the extent to which antibiotic use for IE
prophylaxis could be implicated in the general problem of resistance is unknown [64].

3.5. Antiseptics

In 1977, the AHA suggested for the first time performing disinfection of the gingival sulcus as
a complement to antibiotic prophylaxis, although they recommended caution in the use of oral
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irrigators in patients considered to be at risk of IE, particularly in the presence of deficient oral
hygiene habits [44]. This approach was also adopted by the BSAC en 1982 [49], when it
recommended the application of antiseptics at the gingival margins in addition to the pro-
phylactic administration of antibiotics prior to dental manipulations.

In 1990, the AHA recommended the application of chlorhexidine or other antiseptics (povi-
done iodine or a combination of iodine and glycerine) for 3 to 5 minutes around the tooth—a
proposal also supported by the BSAC at that time [51] —before performing dental extractions
in patients considered to be at high risk of IE and/or with deficient oral hygiene [46]. Two years
later, the BSAC specified the form of presentation and the concentration of chlorhexidine to
be used before starting a dental procedure: 1% gel at the gingival margin or 0.2% mouthwash
for 5 minutes [52].

In the European Consensus of 1995, the application of antiseptics was once again recom-
mended as a complementary measure in addition to antibiotic prophylaxis [54]. In its 1997
recommendations, the AHA recognised the need to use antiseptic mouthwashes (chlorhex-
idine or povidone iodine) prior to a dental manipulation, although they did not favour
their application using gingival irrigators and recommended against the continual use of
antiseptics in order to avoid the selection of resistant microorganisms [47]. Paradoxically,
in their protocols on the prevention of IE secondary to dental manipulations published in
2004, the ESC and the BCS jointly with the RCP made no reference to the use of antisep-
tics before starting a manipulation [55,56].

In 2006, the BSAC recommended that, when possible, and in addition to the antibiotic
prophylaxis, a pre-operative mouthrinse with 0.2% chlorhexidine gluconate should be
performed, holding the antiseptic in the mouth for 1 minute [53]. In contrast, in its latest IE
guideline, the Expert Committee of the AHA did not recommend the use of antiseptic
prophylaxis before at-risk dental procedures [48].

With regard to the effect of chlorhexidine prophylaxis on the intensity and duration of
bacteraemia following dental procedures, the NICE concluded that “Chlorhexidine used as an
oral rinse does not significantly reduce the level of bacteraemia following dental procedures” [57]. This
conclusion was reached after analysis of certain studies on the efficacy of chlorhexidine
prophylaxis for the prevention of post-dental manipulation bacteraemia; those studies
presented methodological differences with respect to the dental procedure performed, the
concentration of chlorhexidine used, and the technique for applying the antiseptic solution
(mouthwash and/or irrigation). These important differences make a comparison of the results
between the different series inappropriate [59].

Very few studies have been published on the efficacy of mouth rinsing with 0.2% chlorhexidine
(recommended by the BSAC in 2006) for the prevention of post-dental extraction bacteraemia
[65]. Our research group demonstrated that initial rinsing with 0.2% chlorhexidine signifi-
cantly reduced the duration of post-dental extraction bacteraemia [66,67]. These results allow
us to speculate that the efficacy of antibiotic prophylaxis could be improved by the simulta-
neous application of chlorhexidine prophylaxis, although there is no scientific evidence to
support this hypothesis.
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The conclusions reached by the NICE on the lack of efficacy of antiseptic prophylaxis for the
prevention of bacteraemia following dental procedures are based on a small volume of
published scientific evidence [59]. At the present time, the controversies concerning the risk
of developing IE of oral origin, the clinical repercussions of bacteraemia of oral origin, the
efficacy of antibiotic prophylaxis and the risk-benefit and cost-benefit relationships of antibi-
otic prophylaxis could justify the reappraisal of the need for antibiotic prophylaxis for the
prevention of IE currently being undertaken by the scientific community. Further research
should be encouraged to confirm the efficacy of the recommended chlorhexidine regimens
and to investigate new antiseptic protocols [59].

4. Conclusions

Over the past 50 years, prophylactic regimens for the prevention of IE secondary to dental
procedures have been modified but remain consensus based. The indication for prophylaxis
is now limited to patients with the highest risk of IE undergoing the highest risk dental
procedures. The most recent prophylactic protocols published by the BSAC, the AHA and the
ESC continue to recommend amoxicillin as the antibiotic of choice for oral prophylaxis. For
individuals who are allergic to penicillins, the use of clindamycin, cephalexin or another first-
generation oral cephalosporin, azithromycin or clarithromycin is recommended. However, the
NICE has adopted a drastic stance in this respect, recommending the cessation of antibiotic
prophylaxis for IE in individuals undergoing dental procedures in the United Kingdom.
Further research should be encouraged to determine the impact of this recommendation of the
NICE guideline.

All Expert Committees on IE prevention agree on the premise that “Good oral hygiene and
regular dental checkups are of particular importance for the prevention of IE of oral origin”.
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Surgical Management of Infective Endocarditis

Nicholas Kang and Warren Smith

Additional information is available at the end of the chapter
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1. Introduction

“The advent of a wide spectrum of bactericidal antibiotic agents has enabled physicians to treat many cases of bacterial
endocarditis with a high likelihood of success. There remain, however, a significant number of patients with endocarditis
in whom the infection is more resistant to antimicrobial therapy, valve destruction more rapid, and a satisfactory response
to medical therapy sufficiently infrequent to warrant consideration of a new therapeutic approach’.

Circulation 1965;13:450.

Thus began the first published case report of cardiac valve replacement for infective endocar-
ditis by Doctors Wallace, Young and Osterhout of Duke University Medical Centre. They
described a 45 year old man with Klebsiella endocarditis affecting the aortic valve in whom
severe aortic regurgitation and congestive heart failure developed which failed to respond to
medical therapy. Excision of the valve and replacement with a Starr-Edwards prosthesis was
curative. [1]

In fact, the first surgical attempts to treat infective endocarditis date back to 1937, prior to the
introduction of antibiotics, when John Strieder at the Massachusetts Memorial Hospital in
Boston ligated an infected ductus arteriosus. The patient was a 22-year old female in grave
condition. It was a matter of controversy whether ductus ligation would heal endocarditis or,
on the contrary, perhaps even exacerbate it. [2] The surgery proved difficult, and although the
patient’s immediate postoperative condition was excellent, with the typical sound of an open
ductus no longer heard, she died four days later. Postmortem examination revealed vegeta-
tions extending from the origin of the ductus to the pulmonary valve.
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Over the ensuing decades, developments in open-heart surgery and the evolution of cardiac
valvular prostheses have since made surgery for endocarditis part of the routine work of every
cardiac surgical unit. Nevertheless, such surgery still poses unique challenges and carries
substantial risk of morbidity and mortality. Furthermore, the indications, timing, and type of
surgery remain controversial as there are few randomized trials to guide patient management.

2. Surgical anatomy of the heart valves

Itis important to appreciate that the four cardiac valves do not exist in isolation, but are closely
related to each other and also to other vital intracardiac structures. [Figure 1]

Figure 1. The four cardiac valves. Note the central position of the aortic valve and the fibrous skeleton of the heart
connecting mitral, tricuspid and aortic valves. Reproduced from reference [3]

The aortic, mitral and tricuspid valves are all connected at the membranous septum [4], a small
but crucial part of the heart [see Figure 2]. It separates the left ventricle from the right ventricle
(interventricular component), and also separates the left ventricle from the right atrium
(atrioventricular component). The conduction tissue (penetrating bundle) is intimately related
to the membranous septum, being sandwiched between it and the muscular septum. [3] Only
the pulmonary valve lacks fibrous continuity with the other valves, being situated on a
circumferential sleeve of cardiac muscle known as the infundibulum.

It can therefore be appreciated how a virulent, invasive intracardiac infection might become
potentially so destructive. Not only can the primary valve be affected, but infection can spread
into adjacent valves, fistulas can develop into the cardiac chambers or pericardial space, the
fibrous skeleton of the heart can be eroded and the conduction system can be destroyed.
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Figure 2. Membranous septum. The tricuspid annulus has been detached from the membranous septum in this pro-
section. Ao aorta, BR basal ring, L left coronary sinus, ms membranous septum, NC non coronary sinus, RCA right coro-
nary artery, STJ sinotubular junction. Reproduced with permission from reference [4]

3. Indications for surgery in native valve endocarditis

The proportion of patients with endocarditis treated surgically varies widely amongst
individual units, reflecting the fact that most indications for surgery are not absolute. Large
multicentre studies report overall rates of surgery of approximately 40-50%. [5-7]

In recent years, international guidelines for valvular heart surgery and, more specifically,
infective endocarditis have been published by a number of collaborative task forces. These task
forces have examined the relevant scientific literature available and made evidence based
recommendations accordingly for best practice guidelines.

The American College of Cardiology and American Heart Association (ACC/AHA) published
their updated guidelines for valvular heart disease in 2008. [8] A section of these guidelines is
devoted to infective endocarditis. In native valve endocarditis (NVE), the strongest recom-
mendations for surgery apply to those patients with signs of heart failure, adverse haemody-
namic effects from regurgitant valve lesions, antibiotic resistant organisms, or locally invasive
cardiac infection with destruction of perivalvular structures. The recommendation for surgery
is present, but weaker, in patients with recurrent embolic events and/or very large vegetations.
Table 1 summarises these recommendations.
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Class |

1. Surgery of the native valve is indicated in patients with acute infective endocarditis who present with valve stenosis
or regurgitation resulting in heart failure. (Level of Evidence: B)

2. Surgery of the native valve is indicated in patients with acute infective endocarditis who present with AR or MR with
hemodynamic evidence of elevated LV end-diastolic or left atrial pressures (e.g., premature closure of MV with AR,
rapid decelerating MR signal by continuous wave Doppler (v-wave cutoff sign), or moderate or severe pulmonary
hypertension). (Level of Evidence: B)

3. Surgery of the native valve is indicated in patients with infective endocarditis caused by fungal or other highly
resistant organisms. (Level of Evidence: B)

4. Surgery of the native valve is indicated in patients with infective endocarditis complicated by heart block, annular or
aortic abscess, or destructive penetrating lesions (e.g., sinus of Valsalva to right atrium, right ventricle, or left atrium
fistula; mitral leaflet perforation with aortic valve endocarditis; or infection in annulus fibrosa). (Level of Evidence: B)

Class lla

1. Surgery of the native valve is reasonable in patients with infective endocarditis who present with recurrent emboli

and persistent vegetations despite appropriate antibiotic therapy. (Level of Evidence: C)

Class llb

1. Surgery of the native valve may be considered in patients with infective endocarditis who present with mobile

vegetations in excess of 10 mm with or without emboli. (Level of Evidence: C)

Class I: Conditions for which there is evidence for and/or general agreement that the procedure or treatment is bene-
ficial, useful, and effective.

Class Il: Conditions for which there is conflicting evidence and/or a divergence of opinion about the usefulness/effica-
cy of a procedure or treatment.

Class lla: Weight of evidence/opinion is in favor of usefulness/efficacy.
Class llb: Usefulness/efficacy is less well established by evidence/opinion.

Class lll: Conditions for which there is evidence and/or general agreement that the procedure/treatment is not useful/
effective and in some cases may be harmful. In addition, the weight of evidence in support of the recommendation is
listed as follows:

e Level of Evidence A: Data derived from multiple randomized clinical trials.
e Level of Evidence B: Data derived from a single randomized trial or nonrandomized studies.

e Level of Evidence C: Only consensus opinion of experts, case studies, or standard-of-care.

Table 1. AHA/ACC guidelines for NVE

The ACC/AHA guidelines also state that “prosthetic valve endocarditis and native valve
endocarditis caused by Staphylococcus aureus are almost always surgical diseases”, suggest-
ing that this organism causes particularly virulent intracardiac infection which tends to be
more destructive and consequently more difficult to eradicate with antibiotic treatment alone.
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In 2009, the European Society of Cardiology (ESC) published their own set of guidelines on
the prevention, diagnosis and treatment of endocarditis. [9] The recommendations for surgery
follow similar themes to the ACC/AHA guidelines, with heart failure, uncontrolled infection
and prevention of embolism representing the three broad categories of indications for surgery
(see Table 2).

Indications for surgery in NVE Timing Class Level

A - HEART FAILURE

Aortic or mitral IE with severe acute regurgitation or valve obstruction

. . ) Emergency B
causing refractory pulmonary oedema or cardiogenic shock
Aortic or mitral IE with fistula into a cardiac chamber or pericardium

. . ) Emergency B
causing refractory pulmonary oedema or cardiogenic shock
Aortic or mitral IE with severe acute regurgitation or valve obstruction and
persisting heart failure or echocardiographic signs of poor haemodynamic Urgent B
tolerance (early mitral closure or pulmonary hypertension)
Aortic or mitral IE with severe regurgitation and no HF Elective lla B
B-UNCONTROLLED INFECTION
Locally uncontrolled infection (abscess, false aneurysm, fistula, enlarging

) Urgent B
vegetation)
Persisting fever and positive blood cultures >7-10 days Urgent | B
Infection caused by fungi or multiresistant organisms Urgent/elective | B
C- PREVENTION OF EMBOLISM
Aortic or mitral IE with large vegetations (>=10mm) following one or more U ) 8
rgen
embolic episodes despite appropriate antibiotic therapy E
Aortic or mitral IE with large vegetations (>10mm) and other predictors of U ; c
rgen

complicated course (heart failure, persistent infection, abscess) 9
Isolated very large vegetations (>15mm) urgent IIb C

Table 2. ESC guidelines for NVE

More recently published data from a large non-randomised prospective multicentre trial of
1552 patients with NVE found an overall survival benefit for surgery compared with medical
therapy (12.1% mortality versus 20.7%). [10] In subgroup analysis using propensity scores,
surgery was found to confer a survival benefit compared with medical therapy among patients
with a higher propensity for surgery and those with paravalvular complications, systemic
embolization, Staphylococcus aureus NVE and stroke.

Surprisingly, neither valve perforation nor congestive heart failure predicted a survival benefit
for early surgery in this study, which goes against prior assumptions and experiences. [11] It
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may be that the severity of heart failure, which was not specified in the study, does in fact
influence outcome as reported by others. [12]

4. Timing of surgery

Deciding upon the optimal timing of surgery is one of the great difficulties in managing
patients with endocarditis. As Farzaneh-Far and Bolger state in a recent editorial, “the decision
to commit to a surgical procedure that might possibly be avoided is quite difficult for the
patient, the surgeon, and the referring physician...Because patients with endocarditis span
such a wide range of comorbidities, complications, and manifestations, generalization from a
disparate population is unsatisfying.” [11]

The difficulty is compounded by the fact that available evidence to recommend timing of
surgery in endocarditis is largely limited to observational data and expert opinion. Studies
employing propensity modelling to try and overcome selection bias have been reported. [10]
More recently, the first randomized controlled trial in endocarditis was published to help
define the optimal timing of surgery, [13] as discussed below.

The timing of surgery can be considered in the following clinical situations:
a. Congestive heart failure.

The ESC guidelines advise emergency surgery for patients with persistent pulmonary oedema
or cardiogenic shock, and urgent surgery when heart failure is less severe. [9] In patients with
well tolerated severe valvular insufficiency (i.e. mild or no heart failure) and no other reasons
for surgery, the guidelines recommend ‘medical management with antibiotics under strict
clinical and echocardiographic observation” with surgery to be considered ‘after healing of
infective endocarditis, depending on tolerance of the valve lesion’.

b. Systemic embolism

Systemic embolism occurs in up to 50% of patients with infective endocarditis, most frequently
to the central nervous system and specifically to the territory of the middle cerebral artery [14].
A number of studies have demonstrated that embolic risk falls substantially after the first 2-3
weeks of treatment. [15, 16] The presence of large (>15mm on echocardiogram) vegetations
has been considered a relative indication for early surgery, particularly in Staphylococcal
endocarditis affecting the mitral valve. [15]

Recently the benefit of early surgery in this context was investigated in the first randomized
trial in endocarditis [13]. In this study, 76 patients with left-sided native valve infective
endocarditis, vegetations greater than 10 mm, and severe valve dysfunction were randomly
assigned to surgery within 48 hours or antibiotic therapy. The primary end point was a
composite of embolic events or death within 6 weeks after randomization. Secondary end
points were embolic events, recurrent endocarditis, repeat hospitalization due to the devel-
opment of congestive heart failure, or death from any cause at 6 months.
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The major finding in this study was that early surgery significantly reduced the composite end
point of embolic events and death from any cause, by effectively decreasing the risk of systemic
embolism. The authors suggest that early surgery is therefore a valuable therapeutic option to
prevent embolism.

c¢. Embolic stroke

Timing of surgery after embolic stroke poses an especially difficult dilemma. Early surgery
carries a risk of haemorrhagic transformation of cerebral infarction, whilst delaying surgery
may lead to further embolic events and/or worsening of cardiac function. In a recent review
of 100 published studies, Rossi et al concluded that “evidence is conflicting because of lack of
controlled studies” [17]. They state that “the optimal timing for the valve replacement depends
on the type of neurological complication and the urgency of the operation.”

The ESC guidelines suggest that if cerebral haemorrhage has been excluded and neurological
damage is not severe, surgery should not be delayed. [9] The risk of further neurological
complication is low and full neurological recovery may be possible.

Conversely, in cases with intracranial haemorrhage, neurological prognosis is worse and ESC
guidelines suggest that surgery should be postponed for at least one month. If the possibility
of mycotic aneurysm is suspected, the patient should be evaluated with cerebral angiography
as such aneurysms are a contraindication for anticoagulation as well. [18]

In all such cases, consultation with neurology and neurosurgical teams is advisable.
d. Paravalvular extension

As emphasized in the preceding section on cardiac anatomy, paravalvular abscess formation
has a high probability of impairing cardiac conduction and leading to multi-valve involve-
ment. Extension of infection is very common in prosthetic valve endocarditis and affects
10-40% of native aortic valve infection. The diagnosis is best made by transoesophageal
echocardiography and should be suspected whenever there is any degree of atrioventricular
block present. Urgent surgery is indicated once the diagnosis is made.

5. Decision making

It is evident from the above that decision making with regards to both the indications and
timing of surgery is still problematic. Because infective endocarditis can have such variable
clinical manifestations, treatment must of necessity be tailored to individual patient circum-
stances, the nature of the organism, its effect on the heart and other organs, duration of
antibiotic therapy already received, progression of disease over time, and numerous other
considerations.

Currently available guidelines aid decision making but are founded largely on observational
data. Despite the protean difficulties in designing randomized trials in endocarditis, the
pioneering study cited above [13] illustrates that the task is not impossible. Given that
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endocarditis remains a frequent, important and potentially lethal condition, the challenge of
acquiring more definitive evidence should be accepted.

6. Operative management

Surgery for endocarditis can be amongst the most challenging operations faced by the cardiac
surgeon. Debriding infected cardiac tissue and restoring anatomical and functional integrity
can be a test of considerable surgical skill. Furthermore, patients present for operation in
varying degrees of septicaemia, cardiac failure, multiorgan failure, shock, coagulopathy,
hypoproteinemia and anasarca, to which the further insults of surgical trauma and cardio-
pulmonary bypass are added.

6.1. Surgical principles

The primary objectives of surgery are (1) eradication of all infected, necrotic and non-viable
tissue and (2) reconstruction of cardiac morphology. [9] How this is achieved surgically is very
dependent upon the local extent of intracardiac infection. Surgery may thus entail repair or
replacement of one or more valves, complete aortic root replacement, debridement and
patching of abscesses, closure of fistulas, or reconstruction of part of the fibrous skeleton of
the heart. Cardiac transplantation has even been reported in an extreme case of relapsing ‘burnt
out’ endocarditis with multiple previous unsuccessful surgeries over many years. [19]

6.2. Valve repair

Valve repair, rather than replacement, is theoretically an attractive option in endocarditis when
infection is limited in its local extent. Not only does repair avoid the inherent problems of
prosthetic valves (e.g. anticoagulation, thromboembolism, paravalvular leak, structural valve
deterioration) but it reduces the risk of recurrent endocarditis when compared with valve
replacement. [20].

Techniques may involve simple vegetectomy alone, patching of leaflet perforations with
pericardium, or more sophisticated methods of leaflet and/or chordal reconstruction. The
method used must be tailored to the individual pathology present (see Figure 4). Eradicating
the infection and achieving a durably competent valve is the goal of repair.

Valve repair techniques are now well established for the treatment of degenerative mitral valve
disease, but are not always feasible in the setting of endocarditis. In a metanalysis of 24 studies
comparing repair versus replacement in 1194 patients, 39% of patients underwent repair whilst
the remainder required replacement. Repair was associated with superior early and late
outcomes, with reduced need for repeat mitral surgery, fewer cerebrovascular events and
fewer episodes of recurrent endocarditis. Operative mortality was less than 10% and 5-year
survival greater than 80%. [20]

Itis important to appreciate, however, that all 24 studies in the metanalysis were retrospective
observational series and thus subject to both selection bias and publication bias. As was noted
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Figure 3. Mitral valve repair. Reproduced with permission from reference [21]. The vegetation involving the postero-
medial commissure has been resected, and the posterior leaflet mobilised and advanced into the commissure. The
valve must be competent following repair, otherwise replacement will be necessary.

in the meta-analysis, “the validity of comparing mitral valve repair with mitral valve replace-
ment may be questioned. Mitral valve replacement is often reserved for the sickest patients in
whom mitral valve repair cannot be performed. Therefore, it would not be surprising that
postoperative results would be worse for these patients.” [20]

Valve repair is a much less well established but nonetheless emerging technique in aortic valve
disease. Mayer et al reported a series of 100 patients undergoing surgery for aortic valve
endocarditis; 33 treated by repair and 67 by replacement. [22] Five year survival was signifi-
cantly higher in the repair group, although again this was a retrospective series with inherent
selection bias. In addition, it is worth noting that the subgroup of patients with repaired
bicuspid valves had a higher rate of late aortic regurgitation.

6.3. Valve replacement

Valve replacement, as first performed by Dr W Glenn Young Jr at the Duke University Medical
Center [1] nearly 50 years ago, remains the standard of care in the majority of cases of endo-
carditis treated surgically.

The optimal choice of valve substitute in the setting of infective endocarditis has long been
debated. Once again, only observational data rather than randomized clinical trials are
available to guide clinical practice.

Some investigators have reported that valve replacement using a homograft results in a lower
rate of recurrent endocarditis. [23, 24] Most surgeons now believe that the choice of valve
substitute is less important in determining recurrence than the completeness of debridement
at the time of operation. Homografts have the disadvantage of more difficult reoperation at
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the time of their inevitable structural deterioration. For NVE confined to the valve leaflets,
operative results are similar for mechanical and biological prostheses. [25, 8]

6.4. Aortic root replacement

Sometimes, simple valve replacement may not be sufficient when dealing with paravalvular
infection, resulting in reinfection of the prosthesis, valve dehiscence, or both. [18] This is often
the case in prosthetic valve endocarditis (see below) Aortic root replacement, as opposed to
simple aortic valve replacement, may therefore be necessary in these circumstances. Aortic
root replacement involves excision of the aortic valve cusps, the sinuses of Valsalva, and a
variable amount of the distal ascending aorta. The coronary arteries have to be reimplanted
into the replaced root.

In these situations, root replacement with a homograft can be advantageous. The homograft
aortic root is soft, pliable, and can be tailored to patch abscess cavities and rebuild tissue
defects, especially if the anterior mitral leaflet of the homograft has been left attached. [24]

Figure 4. Aortic root replacement using a homograft. Reproduced with permission from reference [24]. The attach-
ed homograft mitral leaflet has been used to reconstruct the debrided abscess cavity in the aortic-mitral curtain

Homografts, however, are limited in their availability. Stentless xenograft valves exhibit
similar properties to homografts and have been used in this setting as an alternative. [26]
Standard mechanical valved conduits have also been used with very satisfactory results. [27,
28] The pulmonary autograft (Ross procedure) is another option although this adds greater
complexity to an already difficult procedure in a sick patient. As previously emphasised, the
completeness of debridement is probably more important than the type of cardiac replacement
tissue used.
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6.5. Reconstruction of the fibrous skeleton

In very advanced cases of endocarditis, there may be extensive tissue destruction around the
aorto-ventricular junction, mitral annulus and aorto-mitral curtain. In addition to replacing
both aortic and mitral valves, the fibrous skeleton of the heart itself may need to be recon-
structed. (see Figure 5). Such patients may in fact prove to be beyond surgical repair and
deemed inoperable. Complex techniques of surgical reconstruction have been reported by
some groups, notably David et al. [29]

Figure 5. Complex reconstruction of the mitral annulus and aortic-mitral curtain using a pericardial patch. Re-
produced with permission from reference [29]. Both aortic and mitral valves have been excised, as well as the inter-
vening area of fibrous continuity (aortic-mitral curtain). The patch acts as a new fibrous skeleton upon which to
anchor sutures to secure the aortic and mitral valve prostheses.

7. Prosthetic valve endocarditis
Prosthetic valve endocarditis (PVE) is one of the most feared conditions in cardiac surgery. It

accounts for approximately 20% of cases of IE. [7] Mechanical and bioprosthetic valves are
equally affected at a frequency in the order of 1% per patient year.
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PVE is traditionally classified into early (within 60 days of original valve replacement surgery)
and late (greater than 60 days), although a cut-off of 12 months has been suggested by some.
[30] The implication is that in early PVE the infection has been acquired at the time of original
surgery, whereas in late PVE it complicates a subsequent unrelated bacteraemic episode.

The rate of paravalvular infection is much higher in PVE than NVE, owing to the presence of
the prosthetic sewing ring. With mechanical valve prostheses, paravalvular abscess is present
in virtually all cases. With bioprosthetic valves, infection is sometimes confined to the valve
leaflets, but more often the sewing ring is involved as well.

Paravalvular infection in the aortic position can rapidly lead to aortic root abscess, fistulas into
cardiac chambers, disruption of the aortic-mitral curtain, and even complete aorto-ventricular
dehiscence. [24, 26] Surgery to remedy these problems is made substantially more complex in
view of the fact that these are reoperations. This degree of surgical complexity is reflected in
the operative mortality, which is typically double that for NVE surgery [7, 31, 32] (see ‘Results
of Surgery’ section below).

The decision as to whether to operate or not for PVE is difficult. Operative risk is much greater
for PVE than NVE, but the mortality with medical treatment alone is similarly higher, resulting
in a management dilemma. Essentially, patients with early PVE, Staphylococcal PVE and
complicated PVE (abscess, heart failure, prosthetic valve dysfunction) are more likely to
require surgery whereas late PVE, non-Staphylococcal PVE and uncomplicated PVE can be
managed medically with close follow-up. [9]

Tables 3 and 4 summarise the AHA/ACC and ESC guidelines respectively for PVE.

Class |

1. Consultation with a cardiac surgeon is indicated for patients with infective endocarditis of a prosthetic valve. (Level of Evidence: C)

2. Surgery is indicated for patients with infective endocarditis of a prosthetic valve who present with heart failure. (Level of Evidence: B)

3. Surgery is indicated for patients with infective endocarditis of a prosthetic valve who present with dehiscence evidenced by cine
fluoroscopy or echocardiography. (Level of Evidence: B)

4.Surgery is indicated for patients with infective endocarditis of a prosthetic valve who present with evidence of increasing obstruction or
worsening regurgitation. (Level of Evidence: C)

5. Surgery is indicated for patients with infective endocarditis of a prosthetic valve who present with complications (e.g., abscess

formation). (Level of Evidence: C)

Class lla

1. Surgery is reasonable for patients with infective endocarditis of a prosthetic valve who present with evidence of persistent bacteremia
or recurrent emboli despite appropriate antibiotic treatment. (Level of Evidence: C)
2. Surgery is reasonable for patients with infective endocarditis of a prosthetic valve who present with relapsing infection. (Level of

Evidence: C)

Class 11l

1. Routine surgery is not indicated for patients with uncomplicated infective endocarditis of a prosthetic valve caused by first infection

with a sensitive organism. (Level of Evidence: C)

Table 3. AHA/ACC guidelines for PVE
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Indications for surgery in PVE Timing Class Level

A —HEART FAILURE

PVE with severe prosthetic dysfunction (dehiscence or obstruction) causing

. ) Emergency B
refractory pulmonary oedema or cardiogenic shock
PVE with fistula into a cardiac chamber or pericardium causing refractory
) . Emergency B
pulmonary oedema or cardiogenic shock
PVE with severe prosthetic dysfunction and persisting heart failure Urgent | B
Severe prosthetic dehiscence without HF Elective | B
B-UNCONTROLLED INFECTION
Locally uncontrolled infection (abscess, false aneurysm, fistula, enlarging
) Urgent B
vegetation)
PVE caused by fungi or multiresistant organisms Urgent/elective | B
PVE with persisting fever and positive blood cultures >7-10 days Urgent | B
PVE caused by staphylococci or gram negative bacteria (most cases of early )
Urgent/elective lla C
PVE)
C- PREVENTION OF EMBOLISM
PVE with recurrent emboli despite appropriate antibiotic treatment Urgent B
PVE with large vegetations (>10mm) and other predictors of complicated U c
rgent
course (heart failure, persistent infection, abscess) 9
PVE with isolated very large vegetations (>15mm) urgent Ib C

Table 4. ESC guidelines for PVE

8. Right heart endocarditis

Endocarditis can affect the tricuspid valve, pulmonary valve, right ventricle or right atrium
and accounts for up to 10% of cases. Predisposing risk factors for right sided endocarditis
include intravenous drug abuse and the presence of foreign bodies such as pacemaker leads,
haemodialysis catheters, other central venous catheters and valvular prostheses. Congenital
anomalies such as ventricular septal defects and bicuspid pulmonary valves also predispose
to right heart endocarditis.

Right heart endocarditis is characterised by large, friable vegetations which embolise readily
to the pulmonary circulation. The resultant lung abscesses occasionally rupture causing
empyema and bronchopleural fistula (see Figure 6). Staphylococcus aureus is the dominant
organism, but fungal and Gram negative infections also occur.
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Figure 6. Computed tomography scan demonstrating florid embolic lung abscesses with cavitation, bronchopleural
fistula and pyopneumothorax in a patient with pulmonary valve endocarditis due to Staphylococcus aureus.

Clinical manifestations are typically those of fever and respiratory distress, but severe
haemodynamic compromise and shock may occasionally occur due to sepsis, rather than direct
effects on valvular heart function. [33]

Decision making in right heart endocarditis is often problematic, because the indications for
surgery are less well defined than for left-sided endocarditis. Many cases can be managed
successfully without the need for surgical intervention; however large vegetations (>2cm),
fungal infection, heart failure and intractable sepsis should prompt consideration for operative
intervention. [33-35, 9] Table 5 summarises the indications for surgery in RSE according to the
ESC guidelines.

Recommendations: right-sided endocarditis Class  Level

Surgical treatment should be considered in the following scenarios: Ila C
* Microorganisms difficult to eradicate (e.g. persistent fungi) or bacteraemia for >7 days (e.g. S.

aureus, P. aeruginosa) despite adequate antiomicrobila therapy or

e Persistent tricuspid valve vegetations >20mm after recurrent pulmonary emboli with or without
concomitant right heart failure or

¢ Right heart failure secondary to severe tricuspid regurgitation with poor response to diuretic

therapy

Table 5. ESC guidelines for right-sided endocarditis

In cases of infected transvenous pacemaker leads, percutaneous removal is generally recom-
mended, despite the risk of dislodging vegetations and causing pulmonary embolism. Surgery
is reserved for cases where percutaneous removal is incomplete or impossible, where vegeta-
tions are very large (>25mm) or where there is associated severe destructive tricuspid valve
disease. [9]
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The principles of surgery for right heart endocarditis are similar to left-sided disease, namely
thorough debridement of infected and necrotic tissue, removal of all infected foreign material
and valvular reconstruction or replacement as required. Many cases of tricuspid valve
endocarditis can be treated successfully with vegetectomy and valve repair, but replacement
may be necessary with more extensive infection.

Because of the risk of recurrent infection in intravenous drug abusers, valve replacement
should be avoided whenever possible in this patient group. If replacement is necessary, future
compliance with anticoagulation becomes an important consideration when deciding upon
mechanical versus bioprosthetic valves. An alternative is valvectomy without replacement,
but the resultant free valvular regurgitation may not be tolerated acutely in some patients and
late results are less satisfactory.

9. Results of surgery

The contemporary results of surgery for infective endocarditis indicate that this is still a
difficult surgical condition with substantial risk of postoperative morbidity and mortality.

The Cleveland Clinic reported a series of 428 patients undergoing surgery between 2003 and
2007 with an overall hospital mortality of 10%. [32] Prosthetic valve endocarditis had a
significantly higher mortality compared with NVE (13% versus 5.6%). Infection with Staphy-
lococcus aureus also predicted a higher early and late mortality in this series.

Toronto General Hospital reported a series of 383 patients undergoing surgery for infective
endocarditis over a 26-year period between 1978 and 2004. [31] Hospital mortality was 12%.
Age, shock, prosthetic valve endocarditis, left ventricular ejection fraction less than 40%, and
recurrent endocarditis were independent predictors of death from all causes in this series.

A multicentre prospective study of 1516 patients with NVE was published by Cabell et al in
2005 [5]. Six hundred and ten patients underwent surgery and the remaining 906 were treated
medically. Hospital mortality was similar in the two groups (13.6% versus 16.4%). However,
propensity analysis identified a significant survival benefit for surgery (11.2% mortality versus
38%) in the subgroup with the most number of predictors for surgery, namely male gender,
congestive heart failure, aortic valve involvement, and intracardiac abscess. The authors
conclude that the benefits of surgery are most realised in a targeted population.

The same investigators also examined the results of treatment for PVE. [7] Of 355 patients with
PVE, 148 underwent surgery and 207 received medical treatment alone. Unadjusted hospital
mortality was similar in the two groups (25% versus 23.4%). Brain embolism and Staphylo-
coccus aureus were independent predictors of mortality.

In the 2010 prospective multicentre study of NVE by Lalani et al [10] quoted earlier, mortality
in 720 patients treated surgically was 12.1%. This compared favourably with the 20.7%
mortality for medical treatment.
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In summary, surgery for infective endocarditis is associated with an overall hospital mortality
of approximately 10-20%. The risk is roughly doubled in PVE compared with NVE.

10. Summary

Surgery for infective endocarditis has evolved enormously since its origins 75 years ago.
Guidelines now exist to recommend the indications, timing, and type of surgery, yet much of
the evidence is founded on observational data rather than randomized clinical trials. More
than perhaps any other surgical issue, decisions rely as much on the experience and judgement
of the individual surgeon as the largely observational evidence accumulated in the literature.
The principles of surgery remain essentially unchanged, namely the debridement of all
infected and non-viable tissue. Valve replacement is the standard of care in the majority of
cases, but valve sparing techniques of repair have also gradually evolved. More extensive
cardiac reconstruction with root replacement and other methods are sometimes necessary in
locally advanced infection. Operative mortality and morbidity is still significant, particularly
for prosthetic valve endocarditis.
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New Treatment Modalities for Ocular Complications of
Endocarditis
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1. Introduction

Endophthalmitis is one of the most devastating diagnoses in ophthalmology. It is a serious
intraocular inflammatory disorder affecting the vitreous cavity that can result from exogenous
or endogenous spread of infecting organisms into the eye. [1] Endogenous endophthalmitis is
less common and occurs secondary to hematogenous dissemination from a distant infective
source in the body. Predisposing risk factors in patients with endogenous endophthalmitis
usually exist, and they are correlated with the pathogenesis of the disease.[1] The risk factors
are considered as infectious foci in the other parts of the body, intravenous drug abuse, diabetes
mellitus, immunosuppressive therapy, intravenous hyperalimentation, fever of unknown
origin, malignancies and male sex. [2-6] In most cases, independent of its origin, the presen-
tation of endophthalmitis consists of reduced or blurred vision, red eye, pain, and lid swelling.
[7] Progressive vitritis (Fig.1) is one of the key findings in any form of endophthalmitis, and
in nearly 75% of patients have hypopyon (Fig. 2) which can be seen at the time of presentation.
[7] Progression of the disease may lead to panophthalmitis, (Fig. 3) corneal infiltration, (Fig.
4) globe perforation and phthisis bulbi.(Fig. 5) [1,7] Endogenous endophthalmitis is a rare
complication of infective endocarditis, and has been decreasing due to the availability of
effective antibiotics. [8] To optimize visual outcome, early diagnosis and treatment are
essential.[7,8] Over recent decades, advances in hygienic standards, improved microbiologic
and surgical techniques, development of powerful antimicrobial drugs, and the introduction
of intravitreal antibiotic therapy have led to a decreased incidence and improved management
of endophthalmitis. [1,7] However, endophthalmitis still represents a serious clinical problem.
This chapter focuses mainly on current principles and techniques for treatment of endoph-
thalmitis. In addition, it addresses recent developments regarding anti-inflammatory and
antimicrobial treatments.
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Figure 2. Note the 2-mm hypopyon (F—>) in the anterior chamber associated with diffuse ciliary injection (—)
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Figure 3. Note severe panophthalmitis with superonasal scleral abscess, and extrusion of pus from the limbus. (A
Shwe-Tin, T Ung, C Madhavan and T Yasen: A case of endogenous Clostridium perfringens endophthalmitis in an in-
travenous drug abuser. Eye (2007) 21, 1427-1428; doi:10.1038/sj.eye.6702934; published online 3 August 2007)

R

Color

Figure 4. Note the central corneal infiltration (?) and diffuse stromal edema (6)
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Figure 5. Note the phytisis bulbi associated with diffuse corneal vascularization and opacification (—)

2. Pathogenesis

In general, inflammation is a physiological response to invading pathogens or antigens which
involve the migration of specific types of inflammatory cells out of the bloodstream into
theaffected tissues. [9,10] These cells release inflammatory agents such as cytokines, chemo-
kines and other inflammatory markers to boost immune responses to kill the invading bacteria,
viruses, and parasites or any other antigen. [9,10] The linking of the antibody to the antigens
forms an immune complex which is removed quickly by phagocytic macrophages; however
owing to excessive antigen exposure or compromised immune response, the pathogens or their
toxins are lodged into tissues and cause severe inflammation. [11,12] Excessive inflammatory
response can damage the healthy tissues during this process. In excessive inflammation, the
affected parts of the eye (the eyelids, sclera, iris, uvea, retina, optic nerve etc) become tender
and inflamed. [11,12] Chronic or sever ocular inflammation can damage the delicate tissues
and blood vessels in and around the eye resulting in vision loss. [13] Ocular inflammatory
diseases occurs throughout the world independent of gender, race, ethnicity, or age and can
be caused due to various factors such as infection, auto-immunity, trauma, drugs, or malig-
nancy. [13] As the infectious pathogens enter the eye via hematogenous spread bacterial
endotoxins, cytokins and growth factors induce the cellular mechanisms of reactive oxygen
species (ROS) formation. [14] The key mediators are hydrogen peroxide (H,O,), superoxide
anions and peroxinitrite (NOO-), collectively termed as ROS. [14-16] ROS are believed to
underlie many of the oxidative changes in various pathological conditions, and are known to
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enhance various mediators including increased expression of aldose reductase (AR), activation
of protein kinase C and redox-sensitive nuclear transcription factors such as NF-kB and
activator protein-1 (AP-1). [15-17] ROS in turn lead to the cell membrane lipid peroxidation
and formation of lipid aldehydes, e.g. 4-hydroxynonenal-(HNE) which conjugates with
glutathione. (GS-HNE) Aldose reductase then catalyzes reduction of GS-HNE into glutathione
1,4 dihydroxynonene (GS-DHN) which acts as a transducer of inflammatory signaling by
activating protein kinases system.[18,19] Eventually, the redox-sensitive transcription factors
including NF-kB and AP-1 are activated in the nucleus, and transcribe many inflammatory
genes that contribute to intraocular inflammation such as endophthalmitis. [19-21] Many
inflammatory mediators, such as TNF-a, IL-1f3, IL-6, and inducible-nitric oxide synthase
(iNOS) require NF-kB activation for their expression as their genes possess NF-«kB binding
sequences in promoter regions. [19-21] Since the discovery of NF-«kB, a number of paradigms
for its function have been established including its key role in the inflammatory and immune
responses. NF-kB stimulates immune cell function and acts in a pro-inflammatory manner by
inducing the expression of cytokines, chemokines and their receptors. [19-21]These aspects of
NF-kB function are undoubtedly central to the understanding of the overall action of this
family of transcription factors, and they provide a foundation for therapeutic intervention in
inflammatory diseases based on NF-kB inhibition. [22,23] AR mediates the activation of NF-
kB during oxidative stress caused by various stimuli and that inhibition of AR attenuates the
activation of key signaling kinases leading to deactivation of NF-«B. It is plausible that AR
inhibitors could be potential therapeutic agents to treat the oxidative stress-induced ocular
inflammation. [22,23] Alternatively, it has been shown that inhibition of AR prevents NF-xB
activation in both cellular as well as animal models of ocular inflammation, thereby regulating
the synthesis and secretion of pro-inflammatory markers suggesting that inhibition of AR by
gene silencing or pharmacological agents could be an important strategy to treat ocular
inflammatory diseases. [24,25] The evidence showing that lipid peroxidation products are
being the excellent substrates of AR has led to this enzyme linked to inflammation and auto-
immune mediated oxidative stress, besides diabetic complications. [26,27] Many studies with
cell-culture and animal models of ocular inflammation have shown that inhibition of AR could
ameliorate the inflammation induced by various stimuli including bacterial endotoxin,
lipopolysachharide (LPS), high glucose, and cytokines. [24-27]The increased expression of AR
in human cornea, lens, retina, and optic nerve has been shown during oxidative stress. [28,29]
More recent reports suggest an unanticipated link between AR and ocular inflammation, e.g.
inhibition of AR by pharmacological agents or by mRNA ablation leads to the prevention of
high glucose-, TNF-a-, and LPS-induced oxidative stress in human lens epithelial cells (HLEC)
suggesting that AR could be another molecular target for the treatment of oxidative stress-
induced ocular inflammation. [27] Although the eye is an immunologically privileged organ,
it can also get damaged from the excessive immune response of the body when blood ocular
barrier function is compromised. [30] Both in-vitro and in-vivo studies have demonstrated that
AR inhibition or ablation prevents the activation of PKC/NF-«B thereby attenuate cytotoxicity
and tissue damage. [31] It has also been shown that AR inhibition in rodent endotoxin-induced
uveitis model leads to attenuation of ocular inflammation as characterized by decreased
protein extravasations and cellular infiltration into the anterior chamber [24]. These results
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demonstrated that AR inhibition leads to in-vivo suppression of NF-kB that can attenuate
inflammation in the eye. In HLEC, it has recently been shown that AR mediates the LPS-
induced cytotoxicity via the activation of redox sensitive transcription factors NF-kB and AP-1,
and inhibition of AR by pharmacological inhibitor or by silencing the AR expression by AR
siRNA prevented the cytotoxicity caused by LPS. [32] These findings are significant as LPS —
induced ocular inflammation, such as endogenous endophthalmitis in which infection reaches
the eye via circulation and infection-induced uveitis, are well known threats to vision in
humans. [33,34] Inhibition of such inflammation by AR inhibitors provides a novel therapeutic
approach for infection -induced ocular diseases. Further, a study by Kubo et al showed that
over-expression AR in HLEC led to the increased oxidative stress and apoptosis, and inhibition
of AR prevented the cells from oxidative stres. [35] In a recent study, it has been demonstrated
that AR mediates LPS-induced cytotoxicity in non-pigmented ciliary epithelial cells and
disturbs the aqueous humor dynamics by altering the expression of channel proteins such as
Na-K-ATPase. [36] This study has greater implication in the infection-induced ocular inflam-
mation as reduced flow of aqueous humor could result in severe vision impairment or vision
loss. Besides, attraction of macrophages to the ocular tissues or activation of resident macro-
phages e.g. dendritic cells during inflammation cause severe damage to the ciliary body and
retinal layers. [33-35] The role of AR in LPS-induced inflammation and macrophage activation
is important because macrophages play an important role in the ocular inflammation such as
uveitis. Macrophages infiltrate the vasculature and enter the aqueous humor in anterior
segment releasing enormous amount of cytokines and chemokines that result in the patho-
logical symptoms of uveitis such as flare, cell, edema, and vasodilation. [37] Therefore, it is
significant in the way that AR inhibition provides a novel therapeutic target in ocular inflam-
matory diseases. Studies in the cellular models provide an evidence of an unanticipated role
of AR in mediating acute inflammatory responses, and also inhibition of AR might be thera-
peutically useful in preventing ocular inflammation induced by oxidative stress especially in
various pathological conditions.

3. Basic principles in the treatment of endogenous

3.1. Endophthalmitis

The therapy of infectious endophthalmitis remains a controversial issue because progression
and suboptimal outcome occur despite bacteriologic cure of the intraocular infection. The
irreversible tissue destruction during the inflammatory process may result largely from a
secondary host inflammatory response. However, adjunctive treatment with immunosup-
pressive agents may interfere with the ability of the immune system to eliminate the micro-
organisms. Hence the option of adjunctive immunosuppression in the therapy of infectious
endophthalmitis is still on debate. Endogenous endophthalmitis is treated by a combination
of broad-spectrum antibiotics (vancomycin and ceftazidime or amikacin), which are admin-
istered intravitreally, subconjunctivally and topically, if appropriate in combination by
systemic antibiotics (vancomycin and ceftazidime or amikacin). [1,2] If vision diminishes to
mere light perception, performance of pars plana vitrectomy is indicated. [2-4] In mycotic
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endophthalmitis, antimycotics (amphotericin B) are administered intravitreally. [38,39] If
findings are severe, a pars plana vitrectomy must also be carried out. [40,41] Antimycotics are
applied topically to support treatment. [38] Systemic therapy with antibiotics or mycotics is
obligatory. [42]

3.2. Topical antimicrobial agents

Fluoroquinolones are especially useful because they possess a broad antibacterial spectrum,
bactericidal in action, are generally well tolerated, and have been less prone to development
of bacterial resistance. [43]

Second-generation fluoroquinolones; Ciprofloxacin 0.3% and Ofloxacin 0.3% have been
widely used in the treatment and prophylaxis of ocular infections. [43,44] However, their in-
vitro potencies have been decreasing steadily since their introduction. But ciprofloxacin
remains the most effective fluoroquinolone against gram-negative bacteria. Minimal inhibi-
tory concentration at 90% level (MIC90) for ciprofloxacin is lower in gram-negative bacteria.
MIC90 for ofloxacin is higher against Haemophilus spp. and Moraxella spp. Ciprofloxacin is
clinically the most potent fluoroquinolone for Pseudomonas spp. Ciprofloxacin isjust as potent
as gatifloxacin for the other gram-negative isolates.[44]Third-generation fluoroquinolones;
Levofloxacin 0.5% produces higher ocular tissue penetration, thereby reducing the risk of
selecting for decreased fluoroquinolone potency. A new third-generation formulation,
levofloxacin 1.5%, is recently introduced, demonstrating increased ocular penetration com-
pared with gatifloxacin 0.3%, but clinical equivalence to its second-generation parent, ofloxacin
0.3%, in two randomized trials. [45]Fourth-generation fluoroquinolones; Fourth-generation
agents have increased potency against gram-positive bacteria compared with levofloxacin,
while maintaining similar potency against gram-negative bacteria. [46] Although levofloxacin
1.5% has demonstrated superior ocular penetration relative to gatifloxacin, the limited
available data do not suggest this translates into superior clinical activity compared with
moxifloxacin, which has significantly greater ocular penetration and better gram-positive
potency than gatifloxacin. [46] Gatifloxacin 0.3% and moxifloxacin 0.5% have structural
modifications that both reduce risk of resistance and improve potency against gram-positive
bacteria. Fourth-generation agents have increased potency against gram-positive bacteria
compared with levofloxacin, while maintaining similar potency against gram-negative
bacteria. [47] From susceptibility profiles achieved with in vitro testing, the fourth-generation
fluoroquinolones may offer some advantages over the currently available fluoroquinolones;
however, a combination of the pharmacodynamics and pharmacokinetics of the drug, infection
site, and the MIC90 is needed to predict the in vivo efficacy and best clinical applicability. [47]
The fourth-generation fluoroquinolones are clinically more potent than the second generations
for gram-positive bacteria. The MIC90 level is lower for moxifloxacin than that for gatifloxacin
against Staphylococcus aureus, methicillin-susceptible coagulase-negative Staphylococcus
(CoNS), and Streptococcus pneumoniae, whereas the levels are equal against Streptococcus
viridans and the gatifloxacin MIC90 is lower in methicillin-resistant coagulase-negative CoNS
[48] With in vitro tests, Staphylococcus aureus isolates that are resistant to ciprofloxacin and
ofloxacin are clinicallymost susceptible to moxifloxacin. CoNS, that are resistant to ciproflox-
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acin and ofloxacin are clinically most susceptible to moxifloxacin and gatifloxacin.
[48]Streptococcus viridans are more susceptible to moxifloxacin, gatifloxacin and levofloxacin
than ciprofloxacin and ofloxacin. Streptococcus pneumoniae is least susceptible to ofloxacin
compared with the other fluoroquinolones. [48] Susceptibilities are found equivalent for all
other bacterial groups. In general, moxifloxacin is the most potent fluoroquinolone for gram-
positive bacteria, while ciprofloxacin, moxifloxacin, gatifloxacin, and levofloxacin demon-
strate equivalent potencies to gram-negative bacteria. [45,47] None of the fluoroquinolones are
effective against ciprofloxacin-resistant gram-negative bacteria. Overall, for gram-positive
bacteria, median MIC90s of levofloxacin, moxifloxacin and gatifloxacin are below ciprofloxa-
cin, the MIC90 of gatifloxacin and moxifloxacin is equal for gram-positive bacteria. Levoflox-
acin, gatifloxacin and moxifloxacin are clinically more effective against gram-positive bacteria,
the latter two being equally effective. Ciprofloxacin remains the most effective fluoroquinolone
against gram-negative bacteria. [45,48] Fourth-generation fluoroquinolone moxifloxacin,
seems to have better penetration to the inflamed ocular tissues in rabbit. [49] Moxifloxacin has
a spectrum of coverage that encompasses the most common organisms in endophthalmitis.
[49] Because of their broad spectrum of coverage, low MIC90, good tolerability, and excellent
oral bioavailability, fourth-generation fluoroquinolones are considered to represent a major
advance for managing posterior segment infections. [47,49]

Delivery of moxifloxacin via a collagen shield is recommended when high concentrations of
moxifloxacin are most needed to clear the aqueous of bacteria. [50] There are several advan-
tages of this route of delivery that make it appealing over the frequent topical drop use in the
immediate period. [50] Future studies are considered to define precisely the role of fourth-
generation fluoroquinolones and presoaked collagen shields in the prophylaxis or manage-
ment of intraocular infections.

Orally administered gatifloxacin achieves therapeutic levels in the noninflamed human eye,
and the activity spectrum appropriately encompass the bacterial species most frequently
involved in the various causes of endophthalmitis. Because of its broad-spectrum coverage,
low MIC90 levels for the organisms of concern, and good tolerability, gatifloxacin represents
a major advance in the prophylaxis or treatment of bacterial endophthalmitis including
Staphylococcus epidermidis, Staphylococcus aureus, Streptococcus pneumoniae, Streptococ-
cus pyogenes, Propionibacterium acnes, Haemophilus influenzae, Escherichia coli, Bacillus
cereus, Proteus mirabilis, and other organisms. [51] Besifloxacin, the latest advanced fluoro-
quinolone approved for treating bacterial conjunctivitis is the first fluoroquinolone developed
specifically for topical ophthalmic use. [52] It has a C-8 chlorine substituent and is known as
a chloro-fluoroquinolone. Besifloxacin possesses relatively balanced dual-targeting activity
against bacterial topoisomerase IV and DNA gyrase (topoisomerse II), two essential enzymes
involved in bacterial DNA replication, leading to increased potency and decreased likelihood
of bacterial resistance developing to besifloxacin. [52] Microbiological data suggest a relatively
high potency and rapid bactericidal activity for besifloxacin against common ocular pathogens,
including bacteria resistant to other fluoroquinolones, especially resistant staphylococcal
species. [52,53] Randomized, double-masked, controlled clinical studies demonstrated the
clinical efficacy of besifloxacin ophthalmic suspension 0.6% administered three-times daily for
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5 days to be superior to the vehicle alone and similar to moxifloxacin ophthalmic solution 0.5%
for bacterial conjunctivitis. [53] In addition, besifloxacin ophthalmic suspension 0.6% admin-
istered two-times daily for 3 days isclinically more effective than the vehicle alone for bacterial
conjunctivitis. Besifloxacin has also been shown in preclinical animal studies to be potentially
effective for the "off-label" treatment of infections following ocular surgery, prophylaxis of
endophthalmitis, and the treatment of bacterial keratitis. Taken together, clinical and preclin-
ical animal studies indicate that besifloxacin is an important new option for the treatment of
ocular infections. [53]Both besifloxacin and moxifloxacin achieved aqueous humor concentra-
tions equal to or slightly higher than their respective MIC90 for methicillin-resistant and
methicillin-susceptible Staphylococcus aureus and Staphylococcus epidermidis; none of the
fluoroquinolones achieved concentrations above their MIC90 for ciprofloxacin-resistant
strains of Staphylococccus aureus and Staphylococcus epidermidis. [54] Based on the aqueous
humor drug concentrations measured, it is unlikely that any of the fluoroquinolones tested
would be therapeutically effective in the aqueous humor against the most frequently identified
drug-resistant Staphylococcal isolates from cases of endophthalmitis. [54] As well as; none of
the fluoroquinolones reduce the number of bacteria recovered from the vitreous humor. [54]
Besifloxacin is as effective as moxifloxacin and gatifloxacin in a rabbit model for topical
prophylaxis and treatment of pneumococcal endophthalmitis. [55] Besifloxacin acts as an anti-
inflammatory agent in corneal epithelial cells in vitro, by inhibiting the nuclear factor, NF-xB
and mitogen-activated protein kinase (MAPK) pathways. Besifloxacin also exhibits anti-
inflammatory efficacy in vivo. [56]The anti-inflammatory attribute may enhance its efficacy in
the treatment of ocular infections with an inflammatory component and warrants further
investigation. [56] The newer topical fluoroquinolones gemifloxacin and pazufloxacin are
considered as effective as moxifloxacin and levofloxacin for topical prophylaxis and for the
treatment of Staphylococcus aureus-induced endophthalmitis in the rabbit model. [57]

Early diagnosis and appropriate treatment with intravitreous antibiotics are the most impor-
tant factors for the successful management of endophthalmitis. [58,59] The intraocular
concentration of antibiotics after intravitreous injection is far greater than that achieved by
topical modalities. Drug combinations are necessary to cover the full range of bacteria causing
endophthalmitis. [58,59] Vancomycin (1 mg/0.1 ml) is considered the drug of choice for gram-
positive organisms. Controversy remains concerning the best choice against gram-negative
bacteria. Aminoglycosides (amikacin, 0.4 mg/0.1 ml) have traditionally been recommended
for gram-negative coverage. However, because of their possible role in macular toxicity, recent
trends have shifted to using ceftazidime (2.25 mg/0.1 ml) in combination with vancomyecin.
[59] Intracameral or intravitreal cefuroxime at a dose of 1 mg is considered effective in the
treatment of endophthalmitis. [60] Electroretinographic (ERG) and histologic findings
indicated that a dose of 1 mg cefuroxime, administered intravitreally, is not toxic to the rabbit
retina. [60] A dose of 10 mg, injected intravitreally, induce transient physiological effects, and
is toxic to the rabbit retina, as was evident by the permanent reduction in the ERG responses
and by the structural damage to the retina with signs of glial activation. [60] The long-term
outcomes of early intravitreal treatment of endogenous bacterial endophthalmitis, defined as
intravitreal and systemic antibiotics administered within 24 h of diagnosis, with conservative
use of pars plana vitrectomy is considered to provide a relatively favourable visual prognosis.
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[61] The longer the time between onset of ocular symptoms and intravitreal antibiotic injection
is correlated with worse visual outcomes, and it is also associated with increased mortality.
[61] Mortality is also associated with methicillin-resistant Staphylococcus aureus infection. [61]
Methicillin-resistant Sthapylococcus aureus isolates are reported sensitive to vancomycin, and
68% were sensitive to the fourth-generation fluoroquinolones. [62] No significant differences
are reported in visual acuity outcomes of endophthalmitis caused by methicillin-sensitive
Sthaphylococcus aureus versus methicillin-resistant Staphylococcus aureus treated early
intravitreal vancomycin and either ceftazidime or amikacin.[62] Adjunt use of intravitreal
dexamethasone in endogenous endophthalmitis is recommended. [63] No adverse events is
attributed to the dexamethasone, and it appears safe and may be of benefit in endogenous
endophthalmitis. [63] The advantage of corticotherapy combined with specific anti-infective
treatment has been proven for certain bacterial and fungal infections. Corticosteroids, even in
short-term treatments, is recommended to be prescribed in combination with antibiotics in the
course of infections related to their ability to limit the deleterious effects caused by the
activation of the immune system at the time of certain infections.[64] Such as; Bacillus cereus
causes the most virulent and refractory form of endophthalmitis. Eyes treated with intravitreal
vancomycin in conjunction with dexamethasone injection at 7 days and 14 days show signif-
icantly less inflammation over iris and vitreous than the eyes treated with intravitreal vanco-
mycin injection alone.[65] Additionally, at 14 days, the histopathological changes of eyes
treated with vancomycin with dexamethasone show less conjunctival inflammation, mild
iridocyclitis, less vitreous cells, and less choroidal vasculitis and retinitis compared to the
vancomycin treatment alone. [65] Intravitreal injection of vancomycin is considered to improve
the therapeutic outcome of Bacillus cereus endophthalmitis. However, the addition of
dexamethasone to antibiotic treatment is reported to provide a therapeutic benefit over
antibiotic alone. [65]

The fluocinolone acetonide intravitreal implants a sustained drug delivery implant has been
used for patients with posterior uveitis who do not respond to or are intolerant to conventional
treatment. [66] It effectively controls the intraocular inflammation. Visual acuity generally
improves, uveitis recurrences, and the need for immunosuppression decreases. However, the
most common side effect is increased intraocular pressure, and cataract development is also
reported. [66,67] The newly approved dexamethasone implant, Ozurdex, is currently consid-
ered in the treatment of noninfectious intermediate and posterior uveitis given its efficacy,
safety, and ease of use in the outpatient setting. [68]

Triamcinolone acetonide (TA) is an effective steroid drug for various retinal and choroidal
diseases when delivered intravitreally. [69] It may imply an off-label use and it may be
associated with ocular adverse events. Intravitreal TA is not associated with significant
systemic safety risks. [69] Difluprednate 0.05% ophthalmic emulsion is a potent new topical
corticosteroid that exhibits enhanced penetration, better bioavailability, rapid local metabo-
lism and strong efficacy, with a low incidence of adverse effects. In June 2008, difluprednate
ophthalmic emulsion 0.05% gained FDA approvalin the U.S. for the treatment of postoperative
ocular inflammation and pain. Recently, a multicenter, randomized clinical trial showed
difluprednate to be noninferior to prednisolone acetate 1% dosed twice as often, the current
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standard of care for the acute management of endogenous uveitis in the U.S. Furthermore,
difluprednate proved to have a comparable safety profile. [70]

Intravitreous amphotericin B injection associated with, pars plana vitrectomy, systemic am-
photericin B therapy, and oral anti-fungal therapy are indicated in the treatment of endoge-
nous fungal endophthalmitis. [71,72] The most common cause of culture-proven endogenous
fungal endophthalmitis is Candida species. [71] Endogenous Aspergillus endophthalmitis
usually has an acute onset of intraocular inflammation and often has a characteristic chorioreti-
nal lesion located in the macula. (Fig 6] [72] Although treatment with pars plana vitrectomy
and intravitreous amphotericin B is capable of eliminating the ocular infection, the visual out-
come generally is poor, especially when there is direct macular involvement. [72] The overall
visual outcomes are reported more favorable for Candida cases than they are for Aspergillus
cases. [71] Infection site, illness severity, neutropenia, hemodynamic status, organ failure and
concomitant drug treatments are host-related factors that influence the choice of systemic anti-
fungal treatment. [73] In general, echinocandins are currently favored for empiric treatment of
candidemia, especially in critically ill patients or those with previous azole exposure. Essential-
ly, patients who have been previously exposed to azoles have a higher probability of being in-
fected by azole-resistant or non-albicans strains. [73] Pharmacokinetic properties and side
effects suggest that polyenes should be avoided in patients with renal failure, and that echino-
candins and azoles should be avoided in patients with severe hepatic dysfunction. [73] Intravi-
treal corticosteroid therapy which is also indicated in conjunction with anti-fungals with and
without vitrectomy, reduces the intraocular inflammatory process and secondary complica-
tions associated with fungalendophthalmitis. [74]

Figure 6. A. Aspergillus chorioretinal infiltrate in macula of patient with a history of intravenous drug abuse. B. After
treatment with vitrectomy, intravitreal amphotericin B injection, and systemic amphotericin B, the infection resolved
and a macular scar remains. (Weishaar PD, Flynn HW Jr, Murray TG et al: Endogenous Aspergillus endophthalmitis:
Clinical features and treatment outcomes. Ophthalmology 105:57, 1998.)
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Tumor Necrosis Factor-Alpha (TNFa) is a potent mediator of acute inflammatory reac-
tions via activation of proinflammatory signaling cascades. [75] TNFa is a cytokine secret-
ed by macrophages and neutrophils, and is important in upregulating cell adhesion
expression on vascular endothelial cells. [75] TNFa also stimulates mononuclear phago-
cytes to produce cytokines, such as interlekin (IL)-1, IL-6 and itself. [75] In an experimen-
tal rat model of Staphylococcus aureus endophthalmitis, TNFa and IL-1 were detected in
the vitreous within 6 h of intravitreal inoculation. [76] It has been shown that the upregu-
lation of proinflammatory cytokines may have contributed to the breakdown of the
blood-retina barrier, and the recruitment of neutrophils into the eye. [76] Upregulation of
TNFa, IL-1B, and interferon gamma (IFNy) have also been shown in experimental Staphy-
lococcus epidermidis endophthalmitis.[77] Injection of TNFa into the vitreous of rabbits and
rats induced increased vascular permeability and cellular infiltration. [78,79] Studies have
also demonstrated upregulation of TNFa and other proinflammatory cytokines in experi-
mental autoimmune uveoretinitis. [80] No studies have quantified cytokines or chemo-
kines in the human eye during endophthalmitis, but based on experimental studies, it is
reasonable to hypothesize that proinflammatory cytokines are key mediators of acute in-
flammation during endophthalmitis. The primary function of innate immunity is to detect
invading pathogens and clear them as quickly as possible. [80] During an acute intraocu-
lar infection, a primary and essential component of this response is neutrophil influx. Cel-
lular infiltration in human endophthalmitis cases has been described as vitritis, the
presence of a hypopyon, and corneal ring abscess formation. Experimental models have
identified polymorphonuclear leukocytes (PMN) as the primary infiltrating cell type dur-
ing bacterial endophthalmitis.[81-84]The recruitment and activation of neutrophils within
an infected eye is a biological dilemma. PMN infiltration is necessary for bacterial clear-
ance, but the generation of toxic reactive oxygen intermediates and other inflammatory
mediators by PMN may result in bystander damage to delicate tissues of the retina.[81,82]
Robust inflammation is a hallmark of endophthalmitis caused by B. cereus and other types
of virulent bacteria. In experimental B. cereus endophthalmitis, inflammatory cells were
observed in the posterior chamber in close proximity to the optic nerve head as early as 4
h postinfection. [82] Further analysis confirms that the primary infiltrating cells are the
PMNSs. The numbers of CD18"/Gr-1" PMN were minimal at 4 and 6 h postinfection, but
increased significantly thereafter. The influx of CD18'/Gr-1' PMN into the posterior seg-
ment occurred simultaneously with the increase of TNFa in the eye at approximately 4-6
h postinfection.[82] Despite their potential importance, the roles of TNFa and several oth-
er cytokines in endophthalmitis remain unexplored. Regulation of inflammation is the key
to removing the pathogen without harming the eye, but bystander damage from infiltrat-
ing cells might occur. For Staphylococcus aureus endophthalmitis, depletion of neutrophils
early in the inflammatory response reduces the severity of host inflammation, but severe-
ly hamperes bacterial clearance, resulting in a more severe infection. [81] Pathogen recog-
nition and a well-regulated inflammatory response to infection are essential in clearing
invading organisms with minimal damage to surrounding tissue. A tightly controlled re-
sponse is even more critical in the eye, where non-regenerative cells and tissues responsi-
ble for vision reside. Experimental models of bacterial endophthalmitis have
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demonstrated that once a pathogen is introduced into the posterior segment, an acute re-
sponse occurs, including synthesis of proinflammatory cytokines and influx of PMN into
the eye.[83,84] In the case of virulent pathogens such as Staphylococcusaureus or Bacillus
cereus, low numbers of bacteria can be cleared effectively by an adequate inflammatory
response.[83] Once an inoculum threshold is passed, bacterial growth and toxin produc-
tion overwhelm the inflammatory response. In an exhaustive attempt to clear the infec-
tion, PMN fill the posterior and anterior segments. Because the absence of TNFa has
beendemonstrated to dampen the initial inflammatory response during Bacillus cereus en-
dophthalmitis, several studies have also analyzed whether therapy targeting TNFa would
effectively attenuate inflammation. The anti-inflammatory potential of anti-TNFa has been
shown after injected immediately prior to Bacillus cereus infection.[82] Infliximab, anti-
TNFa antibody has attenuated intraocular inflammation in experimental models of cho-
roidal neovascularization, endotoxin-induced uveitis, and in human uveitis patients.
[85-88] Infliximab was recently shown to be non-toxic at levels up to 1.7 mg in rabbit
eyes. [89]

These findings suggest the potential for attenuation of inflammation during endophthalmitis
by targeting TNFa and perhaps other cytokines, but this sort of therapy would likely be best
suited for the initial stages of infection.[90] Continuing studies will determine the therapeutic
potential of cytokine targeting in conjunction with early antibiotic treatment in reducing
inflammation during endogenous endophthalmitis.

4. Future directions

Since AR has been advocated as an important therapeutic target to treat oxidative stress-
induced inflammatory disorders including ocular inflammation, detailed studies of the
molecular events and clear understanding of AR’s involvement in the pathogenesis of
inflammation is required. Understanding this role of AR should provide pharmacological tools
for eventual therapeutic interventions to control cell proliferation, apoptosis, tissue repair, and
prevention of the cytotoxicity of cytokines and chemokines which are elevated during ocular
inflammation. More importantly, these studies will provide a mechanistic link between AR
with ocular inflammation. Studies using various animal models are required to clearly
understand the mechanism of AR’s involvement in the inflammation and related pathologies
which in turn will help in the design and synthesis of more specific inhibitors. Common
limitations for some of the earlier AR inhibitors (ARI) such as sorbinil and tolrestat include
critical hepatic and renal toxicity for long-term use. [91] Newer AR inhibitors such as zopol-
restat, raneristat and fidarestat are now being tested for their ability to prevent the progression
of diabetic neuropathy. Since these drugs have already passed in the Food and Drug Admin-
istration (FDA)’s phase I and II clinical trials and have been found to be safe without any major
irreversible side effects, and it is expected that ARI such as fidarestat could be developed as
novel therapy for preventing ocular inflammation especially uveitis in a relatively shorter time.
[92-94]
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