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Abstract Congenital heart disease (CHD) has become the
leading risk factor for pediatric infective endocarditis (IE) in
developed countries after the decline of rheumatic heart
disease. Advances in catheter- and surgery-based cardiac
interventions have rendered almost all types of CHD
amenable to complete correction or at least palliation. Patient
survival has increased, and a new patient population, referred
to as adult CHD (ACHD) patients, has emerged. Implanted
prosthetic material paves the way for cardiovascular device-
related infections, but studies on the management of CHD-
associated IE in the era of cardiovascular devices are scarce.
The types of heart malformation (unrepaired, repaired,
palliated) substantially differ in their lifetime risks for IE.
Streptococci and staphylococci are the predominant patho-
gens. Right-sided IE is more frequently seen in patients with
CHD. Relevant comorbidity caused by cardiac and extrac-
ardiac episode-related complications is high. Transesophageal
echocardiography is recommended for more precise visuali-

zation of vegetations, especially in complex type of CHD in
ACHD patients. Antimicrobial therapy and surgical manage-
ment of IE remain challenging, but outcome of CHD-
associated IE from the neonate to the adult is better than in
other forms of IE. Conclusion: Primary prevention of IE is
vital and includes good dental health and skin hygiene;
antibiotic prophylaxis is indicated only in high-risk patients
undergoing oral mucosal procedures.
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Abbreviations
ACHD Adult with congenital heart disease
AHA American Heart Association
ASD Atrial septal defect
ASDOS Atrial septal defect occlusion system
AV Aortic valve
CHD Congenital heart disease
CHF Congestive heart failure
CI Confidence interval
CoA Coarctation of the aortic arch
ESC European Society of Cardiology
HACEK Haemophilus aphrophilus, Actinobacillus acti-

nomycetemcomitans, Cardiobacterium hominis,
Eikenella corrodens, and Kingella kingae

HLHS Hypoplastic left heart syndrome
IE Infective endocarditis
IVDA Intravenous drug abuser
LA Left atrium
LPA Left pulmonary artery
LV Left ventricle
MV Mitral valve
NBTE Nonbacterial thrombotic endocarditis
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n.d. No data
PA Pulmonary artery
PDA Patent ductus arteriosus
PFO Patent foramen ovale
Pst Pulmonary valve stenosis
PV Pulmonary valve
PVA Perivalvular abscess
RA Right atrium
RHD Rheumatic heart disease
RV Right ventricle
SAS Subaortic stenosis
3rd gen 3rd generation
TEE Transesophageal echocardiography
TTE Transthoracic ecocardiography
TV Tricuspid valve
VSD Ventricular septal defect

Introduction

Congenital heart disease (CHD) has become largely manage-
able in developed countries in the last two decades, and a large
number of children with CHD survived until adulthood [19].
They have a completely repaired or, at least, palliated CHD,
and are referred to as adult CHD (ACHD) patients or as
grown up with CHD patients [37]. Improved medical and
surgical approaches and use of prosthetic materials made this
possible. Nevertheless, prosthetic material increases the risk
of associated infections, and infective endocarditis (IE)
remains one of the most feared complications of CHD [46].

Here, we review the clinical entity of CHD-associated
IE. Databases PubMed/Medline, EMBASE.com, and web
of science were searched for English language articles with
mesh terms “endocarditis” and “congenital heart disease,”
between 1960 and 2007. We considered articles reporting
more than 25 IE cases and providing information on cardiac
diagnoses or procedures performed. A systematic meta-
analysis of data was not possible because studies published
to date are underpowered and retrospective.

Epidemiology

The incidence of IE in adults varies between 1.5 and six cases
per 100,000 persons per year [22]. Men are affected at least
twice as often as women [77]. In 11% to 13%, an underlying
CHD is found [125, 126]. In children, incidence of IE is
considerably lower with 0.34 to 0.64 cases per 100,000
children per year [34, 43, 110] and male-to-female ratio is
1.2:1 [1, 8, 9, 20, 21, 33, 34, 38, 42, 47, 58, 65, 67, 68, 72,
74, 79, 83, 84, 88, 97, 99, 100, 107, 108, 110, 111, 116, 119,
122, 127, 137]. We reviewed 32 original articles reporting
2,361 IE episodes in 2,298 patients during an observation
time of 43,426 patient-years [1, 8, 9, 20, 21, 33, 34, 38, 42,
47, 58, 65, 67, 68, 72, 74, 79, 83, 84, 88, 97, 99, 100, 107,
108, 110, 111, 116, 119, 122, 127, 137]. Reports originated
from 15 countries and were retrospective single-center
reviews except three multi-center studies [34, 65, 97].
Thirteen studies included ACHD patients (age >18 years)
[9, 33, 34, 38, 65, 68, 72, 74, 83, 97, 122, 127, 137].
Figure 1 shows occurrence of IE between 1930 and 2004 in

Fig. 1 Frequency and overall mortality of IE in CHD are shown in the
context of the available antibiotic treatment and milestones of surgical
and interventional catheter therapy. Mean values were compiled from
retrospective clinical studies with at least 25 patients [1, 8, 9, 20, 21, 33,
34, 38, 42, 47, 53, 58, 65, 67–69, 72, 74, 79, 83, 84, 88, 97, 99, 100,

107, 108, 110, 111, 116, 119, 122, 127, 137]. 3rd gen indicates 3rd
generation, ASD atrial septal defect, HLHS hypoplastic left heart
syndrome, IE infective endocarditis, PDA patent ductus arteriosus, Pst
pulmonary valve stenosis, VSD ventricular septal defect
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the context of milestones of antibiotic treatment, cardiac
surgery, and interventional catheter therapy. Mean age at
diagnosis of IE in pediatric patients was 10.3 years, with a
bimodal age distribution with peaks during infancy and late
teenage years [36]. Mean age of IE in ACHD patients ranged
between 28 and 33 years, with a male-to-female ratio of 1.5
to 1 [38, 65, 97]. Around 4% of admissions to a ACHD-
specialized unit were aimed for workup of IE, and recently,
the frequency of adult-onset IE is 2.3% in ACHD patients
[83, 128]. The proportion of nonvalvular cardiovascular
device-related infections was as high as 5% [117].

Pathogenesis

CHD-associated IE results from complex interactions
between valvular or mural endocardium and endothelium,
blood components, circulating pathogens, and host defense
mechanisms, similar to IE in structural heart disease [24].
The steps include (1) damage of valvular or mural
endocardium, which exposes underlying matrix proteins to
thromboplastin and tissue factors resulting in (2) develop-
ment of nonbacterial thrombotic endocarditis (NBTE)
following platelet and fibrin deposition, (3) microbial
adherence to thrombi leading to (4) microbial colonization,
invasion, and replication within lesions of thrombotic
endocarditis, and (5) embolization of areas affected by
microbial thrombotic endocarditis (Table 1).

Cyanosis in complex types of CHD before surgery and use
of prosthetic material including palliative shunts, conduits, or
other cardiovascular devices increase the IE risk [24, 134].
Mechanisms of cyanosis on the pathogenesis of IE are not
clear.

Physical and chemical characteristics of prosthetic
material, pathogen virulence factors, and host responses

contribute to pathogenesis of (non)valvular cardiovascular
device-related infections (Fig. 2) [11]. Prosthetic material
with higher surface tension (polyethylene terephthalate)
exhibits higher binding capacity for fibrinogen, a hydrated
macromolecule [11], than material with lower surface
tension (fluorocarbon polymers) and, thus, is more prone
to initiate cardiovascular device-related infections. Key
pathogenetic steps are binding of fibrinogen to prosthetic
material and subsequent platelet aggregation. Pathogen
factors include tissue and foreign body adherence mole-
cules and foreign body surface biofilm formation [41].
Immediate host response to devices is mainly determined
by induced alteration of intravascular/intracardiac laminar
blood flow [115]. Shear stress of the endothelium by
turbulent flow alters cell shape, changes cytoskeletal
organization, and increases leukocytes and bacteria adhe-
sion to the endothelium [76, 114, 115]. Notably, cardiovas-
cular devices induce more chronic immune-mediated
healing responses during endothelialization in the 6 months
following implantation (Fig. 2) [5, 75].

Rheumatic heart disease (RHD) or CHD seem to be key
for pathogenesis of IE in children. Nevertheless, in infants
with intravascular catheters, NBTE de novo may contribute
to affection of right-sided heart structures, similar to IE in
intravenous drug abusers [95]. Epidemiologic studies on
pediatric IE show a trend toward a higher proportion of
children lacking pre-existing endocardial pathology in the
past decade [36].

Predisposing risk factors

The type of heart malformation as the substrate of valvular,
mural, or vascular damage and the source of bacteremia
predispose for IE [24, 70, 134].

Fig. 2 Pathogenesis
of cardiovascular device-related
infections: catheter interventional
closure of a membranous ventric-
ular septal defect with a medical
device as an example for foreign
material
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Type of heart malformation

Today, the incidence of RHD in industrialized countries is <10
per 100,000 children/year compared to up to 500 per
100,000 children/year in developing countries [27]. CHD
became the major risk factor for IE in children in
industrialized countries between 1950 and 1980, when
RHD as predisposing factor decreased from 29% to <4%
[1, 8, 9, 20, 21, 33, 34, 38, 42, 47, 58, 65, 67, 68, 72, 74, 79,
83, 84, 88, 97, 99, 100, 107, 108, 110, 111, 116, 119, 122,
127, 137].

The 2007 American Heart Association (AHA) guidelines
regarding prevention of IE distinguish unrepaired CHD
(with or without cyanosis), repaired CHD in biventricular
malformations (with complete or incomplete repair with
residual defects), and palliated CHD with functionally
univentricular malformation (often by using prosthetic
material) [134]. The lifetime risk for IE in unrepaired
cyanotic CHD is up to 8.2 cases per 1,000 patients/year [32,
53] compared to the cumulative incidence of IE in repaired
CHD during a 25-year follow-up after cardiac surgery of
0% after closure of secundum type atrial septal defect
(ASD) to 13% after repair of aortic valve stenosis [96, 134].
Risk assessments of the three types of CHD for IE are
hampered by simultaneous changes in the management of
CHD (Fig. 1). Most types of CHD have become treatable
either by repair or palliation. The number of unrepaired
CHD decreased due to cardiac surgery or catheter-related
cardiac interventions at younger age, whereas the number
of complex type CHD palliated by Fontan procedure
increased and patients may survive until adulthood
(Fig. 1) [66].

Unrepaired CHD

Unrepaired cyanotic CHD associates with a higher lifetime
risk for IE (8.2 cases per 1,000 patient-years) than
unrepaired non-cyanotic CHD or repaired cyanotic CHD
(ventricular septal defect 2.4 cases, repaired tetralogy of
Fallot 2.3, aortic valve stenosis 2.0, or atrioventricular
septal defect 1.7 per 1,000 patient-years) [32, 53]. The ratio
of unrepaired cyanotic to non-cyanotic CHD of around 1:2
[65, 83, 108, 110, 111, 116] is comparable to that of
cyanotic to non-cyanotic CHD in children [63].

Ventricular septal defect (VSD) is the most frequent
CHD and, if unrepaired, the most frequent CHD associated
with IE (Fig. 3) [83]. The incidence of IE in unrepaired
VSD is 1.5 to 2.4 per 1,000 patient-years, especially if
associated with aortic insufficiency or with left ventricle-to-
right atrial shunt [32, 53]. For an ACHD patient with
unrepaired VSD, the estimated lifetime risk for IE at age
30 years is 9.7% and by the end of life is 12% [52, 112]. In
patent ductus arteriosus, atrioventricular septal defect, and

ASD, IE is by far less frequent (Fig. 3). Whether complete
closure of VSD is needed to control lifetime risk for IE
requires careful individual risk–benefit analysis.

The second CHD most frequently associated with IE are
outflow tract obstructions [83]. Estimated risks are 0.2%
per 1,000 patient-years in native pulmonary stenosis
compared to 1.8% in aortic valve stenosis [51, 52, 60].
Right ventricle outflow tract may be affected in malforma-
tions, such as tetralogy of Fallot, pulmonary atresia with or
without VSD, and, less frequently, isolated pulmonary
valve stenosis. The left ventricle may be affected in aortic
valve diseases, including bicuspid aortic valve and coarc-
tation of aortic arch (Fig. 3). Nevertheless, ACHD patients
with left ventricular outflow tract obstructions seem to
show a tendency toward developing IE more frequently
than patients with VSD in the last two decades [52, 83].
This may be explained by the circumstance that residual
hemodynamic lesions after surgery of left ventricular
outflow tract obstructions are frequent, while complete
closure of VSD may abolish the IE risk entirely [60, 134].

The anatomic location of IE in CHD differs from that in
structural heart disease (Table 1) [1, 8, 9, 20, 21, 33, 34, 38,
42, 47, 53, 58, 65, 67–69, 72, 74, 79, 83, 84, 88, 97, 99,
107, 108, 110, 111, 116, 119, 122, 127, 137]. IE in CHD
affects left heart structures (mitral valve>aortic valve) in
around half of all cases (Fig. 3). The large proportion of
affected right heart structures in CHD (one third of all
cases) is the most striking difference compared to the
structural heart disease (<5% of all cases). Notably,
tricuspid valves are twice as frequently affected than
pulmonary valves (Fig. 3). While valvular endocardium is
predominantly involved in left-sided IE in patients with
CHD, right-sided IE may also affect mural structures of the
right ventricular wall such as surrounding VSD opening
and at counterpoint VSD jet stream at the lateral wall [72].
Nevertheless, extracardiac structures including pulmonary
artery, aortic arch, or systemic veins may also be involved
in CHD patients [78]. The right heart is more prone to
cardiovascular device-related infections than left heart [52,
96, 99], likely due to hemodynamic factors such as lower
oxygen saturation or low pressure conditions (Table 2)
[129].

Repaired CHD

Surgical or catheter interventional complete repair of CHD
with sufficient endothelialization after 6 months may reduce
risk for IE to that of healthy children, but the risk after
incomplete repair with residual defects may not do so, [8,
33, 34, 38, 51, 53, 58, 60, 65, 69, 72, 79, 83, 84, 88, 97,
108, 119, 137]. The calculated ratio of post-interventional
IE in repaired CHD (41%) compared to IE in unrepaired
CHD (59%) is 2:3 [1, 8, 9, 20, 21, 33, 34, 38, 42, 47, 58,
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65, 67, 68, 72, 74, 79, 83, 84, 88, 97, 99, 100, 107, 108,
110, 111, 116, 119, 122, 127, 137]. Surgical complete repair
may eliminate the IE risk [96], but implantation of
prosthetic material may increase risk for post-

interventional IE [117, 132]. Therefore, the cumulative
incidence of IE within 25 years following cardiac surgery
depends on the type of CHD: 0% for secundum type ASD,
patent ductus arteriosus, and pulmonary valve stenosis;

Fig. 3 Anatomic localization of infective endocarditis in congenital
heart disease. Percentages of distribution of the different anatomic
localization are calculated from the data of retrospective clinical
studies [1, 8, 9, 20, 21, 33, 34, 38, 42, 47, 53, 58, 65, 67–69, 72, 74,
79, 83, 84, 88, 97, 99, 100, 107, 108, 110, 111, 116, 119, 122, 127,
137]. Extracardiac manifestations include shunts, conduits, and

endarteritis in patent ductus arteriosus and coarctation of the aortic
arch. ASD atrial septal defect, AV aortic valve, CHD congenital heart
disease, CoA coarctation of the aortic arch, MV mitral valve, LA left
atrium, LV left ventricle, PDA patent ductus arteriosus, PV pulmonary
valve, RA right atrium, RV right ventricle, SAS subaortic stenosis, TV
tricuspid valve, VSD ventricular septal defect
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Table 1 Synopsis of IE associated or not with congenital heart disease in children and adults

Infective endocarditis not associated with congenital heart
disease

Infective endocarditis associated with congenital heart disease

Child (<18 years) Adult Child (<18 years) Adult

Pathogenesis Native valve endocarditis [24]

Comparable pathogenetic steps: (1) damage of valvular or mural endocardium; (2) development of NBTE; (3) microbial adherence to NBTE; (4) microbial
colonization, invasion, and replication within microbial thrombotic endocarditis; and (5) embolization of parts of microbial thrombotic endocarditis

Prosthetic valve endocarditis/cardiovascular device-related infection [11, 24]

Specific risk factors: (1) physical and chemical characteristics of foreign material [11], (2) pathogen virulence factors related to foreign material adherence
[11], (3) host response to foreign material [114], (4) biofilm formation [41], and (5) endothelial dysfunction due to shear stress [5, 75, 115]

NTBE de novo [95]: in neonates with
affection of right-sided normal
heart structures [91,
93, 94, 101]

NTBE de novo [95]: in IVDA
endocarditis

Specific risk factors [34, 46, 65, 88, 100,
108, 122]: (1) cyanotic
heart disease; (2) palliative shunts,
conduits, prosthesis; (3) age younger
2 years of age

Specific risk factors [65, 134]:
foreign material such as
palliative shunts, conduits,
prosthesis

Pathogens In healthcare-associated endocarditis
[24, 35, 91] predominance of
staphylococci, gram-negative
bacteria, and fungi [123]

Streptococcus spp. (40%) Streptococcus spp. (42%) Streptococcus spp. (46%)

In older children predominance
of S. aureus [36]

Staphylococcus spp. (40%) Staphylococcus spp. (26%) Staphylococcus spp. (28%)

Others (Enterococcus spp.,
fungi, HACEK) (15%)

Others (Enterococcus spp.,
fungi, HACEK) (16%)

Others (Enterococcus spp.,
fungi, HACEK) (16%)

Culture negative (5%) [24] Culture negative (14%) [1, 8,
21, 24, 42, 47, 53, 58, 67–
69, 84, 88, 99, 108, 110,
111, 116, 119]

Culture negative (10%) [9, 33,
34, 38, 65, 72, 74, 83, 97,
122, 127, 137]

Localization
of lesions

Rheumatic heart disease
[27, 70]: left-sided>
right-sided mitral valve
>aortic valve

Left-sided: mitral valve
(40%)>aortic valve (25%)

Left-sided: mitral valve (26%)
>aortic valve (16%)

Left-sided (60%): mitral valve
>aortic valve [38, 65, 97]

Right-sided: tricuspid valve
(<10%), pulmonary valve
(<5%), Other extracardiac
(<5%) in IVDA (>50%)
[24, 86]

Right-sided: tricuspid valve
(15%), pulmonary valve
(9%), other right-sided
(14%), extracardiac struc
tures (11%) [1, 38, 42, 65,
97, 111]

Right-sided (40%) [38, 65, 97]

Lifetime risk Rheumatic heart disease
[70]: risk of infective
endocarditis 6%,
females>males, mitral
valve predominantly
affected

Overall incidence: 1.5 to
6/100,000/year

Cyanotic (8.2/1,000 patients/
year)>non-cyanotic (1.7–2.4/
1,000 patients/year) tetralogy
of Fallot up to 25%
postoperative risk for IE
[32, 53]

Ventricular septal defect at an
age of 30 years: 10% lifetime
risk for IE. Adult IE is
associated with CHD in 5%
to 13% (bicuspid aortic valve
in>20% of adults) [24, 43]

Elevated lifetime risk: (1)
mitral valve prolaps (30%)
in younger patients, (2)
degenerative valvular
disease (20%) in older
patients, (3) hypertrophic
cardiomyopathy (5%), (4)
prosthetic valve (5–10%),
and (5) intracardiac
devices in IVDA: lifetime
risk 1–5% [24]

Episode-
related
complications

No data available Cardiac: CHF (40%),
PVA (35%),

Extracardiac: emboli, overall
(25%); cerebral (30%), renal
(20%), peripheral affections
(35%) [24]

Cardiac: CHF (30%), valvular
damage (30%), PVA (<5%),
arrhythmia (5%).

Extracardiac: emboli, overall
(20%); cerebral (15%), renal
(10%), peripheral affections
(<10%) [1, 8, 21, 24, 42, 47, 53, 58,
67–69, 84, 88, 99, 108, 110, 111, 116, 119]

Cardiac: CHF (25%), PVA (5–10%),
arrhythmia (5%).

Extracardiac: emboli, overall
(20%), cerebral (10%), renal
(5%), peripheral affections
(<10%) [9, 33, 34, 38, 65,
72, 74, 83, 97, 122, 127, 137]

Outcome No data available Overall mortality (10–30%)
[24]

Overall mortality (10%) [34, 65, 72, 79, 84,
97, 107, 135]

Overall mortality (10%) [65, 72, 135]

Surgical mortality (20%)
[102]

Surgical mortality (14%) [34, 59, 72, 86, 97]

Recurrence (<10%) Recurrence (<3%)
Early relapse (2–20%)
Late relapse (1–10%)

CHD congenital heart disease; CHF congestive heart failure; HACEK Haemophilus spp. Actinobacillus actinomycetemcomitans, Cardiobacterium
hominis, Eikenella corrodens, Kingella kingae; IVDA intravenous drug abuse; NBTE nonbacterial thrombotic endocarditis; PVA paravalvular abscess
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1.3% for tetralogy of Fallot; 2.7% for VSD; 2.8% for primum
type ASD; 3.5% for coarctation of aortic arch; and 13% for
aortic valve stenosis. A 20-year follow-up in transposition of
great arteries revealed a cumulative incidence of IE of 4.0%
and a 10-year follow-up in complete ASD of 1.1% and in
pulmonary atresia with intact ventricular septum of 5.3% and
with VSD of 6.4% [96]. Importantly, for risk assessment,
emphasis has to be put on prosthetic material and its impact
on cardiovascular device-related infections (Table 3) [8, 33,
34, 38, 53, 58, 65, 69, 72, 79, 83, 84, 88, 97, 108, 119, 137].

Palliated CHD

Patients with complex CHD with functionally univentricular
malformations have become treatable by cardiac surgery with
the Norwood and Fontan procedures (Fig. 1) [16, 34, 38, 65,
72, 83, 88, 97, 137]. Patients after univentricular palliation of
complex CHD with functional univentricular malformations
leading to bidirectional Glenn anastomosis and Fontan
procedure survive until adulthood but remain at lifetime risk
for IE due to frequent use of prosthetic material [34, 38, 65,
72, 83, 88, 97, 137]. Patients palliated by an aortopulmonary
shunt remain at lifetime risk as well [24, 134]. These patients
can be predicted to increasingly contribute to future numbers
of post-interventional IE, which currently account for >15%
(Fig. 3) [34, 38, 65, 72, 83, 88, 97, 137].

Prosthetic material

Increased IE risk following cardiac surgery [96] and
catheter-related cardiac interventions is mainly linked to
implantation of prosthetic material or cardiovascular devi-
ces, independent of underlying CHD [82, 83, 97, 118, 119].
The types of prosthetic material implanted with permanent
bloodstream contact are increasing (Table 3). Prosthetic
material is biological (animal or human heart valves,
sterilized by 1% glutaraldehyde and 20% isopropyl alcohol)
or non-biological (metal alloys or synthetic material used
for cardiovascular devices, such as stainless steel, platinum,
polytetrafluorethylene, pyrolytic carbon, polyvinyl chloride,
silicone, polydioxane, or polyglactic acid). Pacemaker
systems with intracardiac electrodes account for most cases
of intracardiac device-related IE [71]. Interventional closure
of ASD or VSD, stent implantation, or closure of patent
ductus arteriosus may also be followed by IE (Table 2) [14,
25, 26, 44, 54, 97, 104, 109, 117, 133]. Effects of various
foreign materials may differ considerably but have not been
properly studied in patients with CHD.

Sources of bacteremia

The risk of IE may be associated with various sources of
bacteremia. In adolescents with CHD, lifestyle habits such

as piercing, tattooing, nail biting, but also animal bites, skin
disorders such as acne, or intravenous drug abuse are
potential sources of bacteremia [7, 113]. IE by itself
predisposes in 2.7% for a second IE episode at the same
location [9]. Medical procedures, including dental care [8,
33, 34, 38, 42, 65, 68, 69, 72, 74, 83, 84, 88, 97, 99, 108,
116, 119, 122], cardiac surgery [8, 38, 65, 67–69, 72, 74,
83, 88, 97, 99, 108, 116, 119, 137], catheter-related
procedures [68, 69, 72, 83, 88, 97, 116, 119, 137], and
other non-cardiac invasive procedures [33, 38, 42, 65, 67–
69, 72, 74, 83, 84, 122, 137] are potential causes for
bacteremia in up to 46%, 18%, 20%, and 20% in cases of
CHD-associated IE, respectively. Until recently, antimicro-
bial prophylaxis was recommended for these procedures
[134]. Amoxicillin prophylaxis reduces bacteremia in
children after dental procedures from 84% to 33% [85].
Prophylaxis, however, may fail due to patient-related
factors (compliance) in up to 40%, physician-related factors
(knowledge) in 50%, and ineffective drugs against rare
pathogens in 66% [33, 38, 42, 65, 68, 69, 72, 73, 83, 84,
88, 97, 108, 116, 119, 122, 137]. Nowadays, bacteremia
from daily care activities is judged a far greater risk [134].

Other risk factors

Previous IE remains a substantial risk factor predisposing to
recurrent IE [134]. Age may be another risk factor as IE
peaks in infancy and late adolescence [36]. IE in preterms,
neonates, or infants younger than 2 years of age is related to
other risk factors than in older patients with CHD [35, 91,
101]. Leading risk factors are prematurity with immune
compromise and central venous access with catheter-related
blood stream infections [94]. Normal cardiac structures may
be affected, and the incidence of fungal IE is up to 10% [15,
36, 80, 93].

Recently, the life-long risk of infective endocarditis has
been determined for ACHD patients at an age of 18 years
during transition by complex statistical data analysis in a
nationwide Dutch registry. Risk factors such as gender, type
of CHD, and complications of CHD during childhood
(<18 years) were used to predict risk of IE at the end of the
fourth and sixth decade of life and to discriminate in a high
(≥3%) and low (<3%) risk patient population groups [128].

Microbiology

Most cases of CHD-associated IE are caused by Strepto-
coccus spp. (44%; 95% confidence interval (CI), 39.4–48.6,
as calculated from literature), including Streptococcus
viridans group (Streptococcus mutans, Streptococcus san-
guis, Streptococcus mitis) and Enterococcus spp. [8, 9, 21,
33, 38, 42, 47, 53, 58, 65, 67–69, 73, 74, 83, 84, 88, 97, 99,
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108, 110, 116, 119, 122, 127, 137] and by Staphylococcus
spp. (27%; 95% CI, 23.4–30.8; Staphylococcus aureus,
coagulase-negative staphylococci), the most frequently
(>50%) isolated organism in cardiovascular device-related
infections [11, 65]. Gram-negative HACEK group bacteria,

Haemophilus aphrophilus, Actinobacillus actinomycetemco-
mitans, Cardiobacterium hominis, Eikenella corrodens, and
Kingella kingae, or miscellaneous microorganisms and fungi
cause 16% (95% CI, 11.9–19.3) of cases. Culture-negative
IE is found in 12% (95% CI, 8.5–15.9). Gram-negative

Table 3 Catheter-based devices and surgery-based foreign material for the treatment of congenital heart disease

Treatment
modality

Device type Reasons for use of devices or foreign
material

Material involved

Catheter-
based

Closure
devices

Atrial septal defect Nitinol, 316L stainless steel, platinum, teflon, polyurethane, homologous
pericardium, ivalon, polyester fabric, polytetrafluorethylene, latex, nylon,
phynox, chromicum, nickel, titanium, molybdenum, cobalt

Patent foramen ovale

Patent ductus arteriosus

Ventricular septal defect

Paravalvular leaksb

Collateral blood vesselsc

Stentsa Branch pulmonary artery stenosis 316L stainless steel, platinum, iridium, nickel, titanium, molybdenum,
cobalt, tantalum, polytetrafluorethylene, bovine jugular veinCoarctation of the aorta

Patent ductus arteriosus

Patent foramen ovale

Systemic/pulmonary vein stenosis

Peripheral vascular disease/carotid
artery transcatheter valve repair

Miscellaneous Electrophysiological cardiac devicesd Polyvinyl chloride, stainless steel, titanium, nitinol
Ventricular assist devicese

Venous or arterial line

Vena caval filters

Ventriculoatrial shunts

Vascular closure devices

Peritoneal dialysis

Hemodialysis, filtration

Pledgets

Surgery-
based

Closure
device

Patches Homologous pericardium, polytetrafluorethylene, polyester fabric

Sutures Artificial or biological Polydioxanone, polyglactic acid, polyglycolic acid, polypropylene

Heart valves Mechanical

Biological (homograft, xenograft) Bovine jugular veinf

Vascular
conduit

Shunt Polytetrafluorethylene

Vascular
grafts

Biological vessel (veins and arteries)

Hemodialysis

Clips Extracardial/vascular Stainless steel

Tubes Drainage Polyvinyl chloride, silicone

a Including different type of stents such as bare metal, covered, drug eluting, biodegradable, stented valves, stent grafts
b Including perforated sinus of Valsalvae
c Including aortopulmonary collateral vessels in pulmonary atresia/tetralogy of Fallot; systemic artery to pulmonary collaterals and venovenous
collaterals after bidirectional Glenn and Fontan procedures; systemic arteriovenous fistulae such as vein of Galen malformation, hepatic
arteriovenous malformation, hereditary hemorrhagic telangiectasia (Osler–Weber–Rendu syndrome); pulmonary arteriovenous fistulae; coronary
artery fistulae; aortopulmonary surgical shunts
d Including pacemaker, implantable cardioverter defibrillator, biventricular pacing/cardiac resynchronization therapy, pacing leads, pacemaker
generator
e Including extracorporeal membrane oxygenation, left ventricular assist devices, total artificial hearts, intra-aortic balloon counterpulsation
catheters
f Sterilized in 1% glutaraldehyde and 20% isopropyl alcohol
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bacteria are more frequent in IE associated with CHD
compared to adults with IE not associated with CHD [102,
121]. Therefore, the pathogen array in CHD contrasts that in
adult IE without CHD, where Staphylococcus spp. (40%)
dominates, followed by oral streptococci (31%), non-oral
streptococci (10%), and enterococci, or fungi (less than 10%
each; Table 1) [24].

Clinical manifestations and episode-related
complications

Clinical course

Clinical signs and symptoms of IE associated with CHD are
variable, insidious, and usually unspecific [28]. Two clinical
courses are distinguished: acute IE, a severe life-threatening
disease often characterized by fulminant onset, high rate of
complications leading to congestive heart failure (CHF), and
high rate of surgical intervention required for treatment, and
subacute IE which shows a subtle course, often blurred by
antibiotics [24, 77]. Subacute IE in children is associated
with cardiovascular device-related infections after catheter
interventional closure of ASD or VSD (Table 2) [8, 117]. The
calculated mean interval between assumed start of bacter-
emia and first symptoms of IE in CHD is approximately
2 weeks [72], similar to the adult IE not associated with
CHD caused by streptococci [120]. Only 16% of IE in CHD
are diagnosed during this “incubation period.” In the other
cases, diagnosis is delayed by 7–12 weeks [68, 72, 81].

Clinical signs and symptoms

The most frequent signs and symptoms of IE in CHD are
fever (>80%), often of low grade, malaise, fatigue, weight
loss or failure to thrive, splenomegaly, myalgia, arthralgia,
headache, chills, nausea, and vomiting [1, 8, 9, 20, 21, 33,
34, 38, 42, 47, 58, 65, 67, 68, 72, 74, 79, 83, 84, 88, 97, 99,
100, 107, 108, 110, 111, 116, 119, 122, 127, 137]. Specific
clinical findings are less frequent (<20%). They include
changing heart murmur or skin manifestations including
Osler nodes, Janeway lesions, or Splinter hemorrhages,
which are typical for IE, but can be observed in other
diseases such as lupus or typhoid fever. Fever while on
antibiotic therapy persists around 4.3 days, and blood
cultures become negative after 0.7 days [88].

Cardiac episode-related complications

Potential episode-related complications of IE in CHD may
localize inside or outside the heart [8, 9, 20, 21, 33, 34, 38,
42, 47, 53, 58, 65, 67–69, 72, 74, 79, 83, 84, 88, 97, 99,
107, 108, 110, 111, 119, 127, 137]. CHF occurs in up to

about half of the cases (range, 28–46%, as calculated from
literature) and is the leading cause of hemodynamic
compromise due to destruction of affected valves (22–
32%) [8, 9, 20, 21, 33, 34, 38, 42, 47, 53, 58, 65, 67–69,
72, 74, 79, 83, 84, 88, 97, 99, 107, 108, 110, 111, 119, 124,
127, 137]. Rarely, CHF in IE may result from emboli to
coronary arteries (<1%), myocarditis, arrhythmias (6–11%),
perivalvular abscess (PVA), myocardial abscess formation,
and intracardiac fistulae (0–7%) [3, 4, 8, 9, 20, 21, 33, 34,
38, 42, 47, 53, 58, 65, 67–69, 72, 74, 79, 83, 84, 88, 97, 99,
103, 107, 108, 110, 111, 119, 127, 137]. Involvement of
atrioventricular node may cause atrioventricular block in up
to 4% [8]. The frequency of episode-related complications
is comparable to adults with structural heart disease despite
their by far more frequent PVA [24, 40, 92]. As mortality
after surgery in acute IE is increased, indication and timing
of surgery are difficult to determine [105]. When myocar-
dial function is reduced, surgery should be done before
further hemodynamic deterioration occurs [96].

Extracardiac episode-related complications

Extracardiac episode-related complications of IE in CHD
patients are frequent (up to 43%) and either caused by
embolic events or immune phenomena [8, 9, 20, 21, 33, 34,
38, 42, 47, 53, 58, 65, 67–69, 72, 74, 79, 83, 84, 88, 97, 99,
107, 108, 110, 111, 119, 127, 137]. Infected heart valves
and contaminated cardiovascular devices such as electrodes
from pacemakers are sources of thromboemboli. No studies
compare risk for embolism in patients with and without
intracardiac devices. Episode-related complications are
more frequent in vegetations >10 mm in size and in left-
sided compared to right-sided vegetations [97], but not in
multiple vegetations [9, 79]. Embolic episodes frequently
lead to renal (10%), splenic (4%), pulmonary (28%),
cerebral (16%), bowel (4%), or peripheral vascular/cutane-
ous (26%) infarcts. Neurological episode-related complica-
tions (33%) including stroke (16%), seizures (11%), abscess
formation (5%), and hemiparesis (2%) may either constitute
initial manifestation of IE or manifest years after its
treatment.

Clinical signs and episode-related complications of
cardiovascular device-related infections are similar to those
of IE despite specific local and systemic clinical features
[11]. In percutaneously introduced devices, clinical signs
include local pain, induration, erythema, and purulent
drainage and in subcutaneously implanted devices include
cellulitis or abscess formation. Following pseudoaneurysm
formation involving the vascular graft, a pulsatile mass can
be detected on cardiac magnetic resonance imaging at site
of anastomosis. Following vegetation and thrombus forma-
tion on intra- or extracardiac devices, clinical complications
are embolisms to distal vessels either with direct vessel
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occlusion or indirect immune-mediated ischemia. In addi-
tion, signs of bacteremia may manifest [11].

Diagnosis

IE should be suspected in CHD patients with persisting
fever and newly manifesting CHF. Notably, IE in CHD after
cardiac surgery occurs after a mean interval of 5.2 to
8.8 years [72, 74]. A prompt diagnostic workup includes
repeated aerobe and anaerobe blood cultures, echocardiog-
raphy, and inflammation parameter determination, the
results of which are required for diagnosis of IE based on
the modified Duke criteria [82]. Modified Duke criteria
were shown useful also for diagnosis of IE in children
[108].

Blood cultures

Positive bacterial blood cultures are one of the key
indicators for diagnosis of IE. Their sensitivity in CHD-
associated IE is 82% [1, 8, 9, 20, 21, 33, 34, 38, 42, 47, 58,
65, 67, 68, 72, 74, 79, 83, 84, 88, 97, 99, 100, 107, 108,
110, 111, 116, 119, 122, 127, 137]. In patients treated with
antibiotics before blood collection, special blood culture
techniques including automated systems using resin to bind
antibiotics, thus facilitating bacterial growth despite anti-
biotics, should be used to avoid bias. Three sets of aerobe
and anaerobe cultures should be drawn. Reasonable blood
volumes are 1–3 ml for infants, 3–5 ml for toddlers and pre-
school-aged children, and 10 ml for school-aged children
and adolescents [31]. Persistently positive blood cultures,
defined as recovery of a microorganism consistent with IE,
are two blood culture sets drawn more than 12 h apart, all
three sets, or a majority of four or more separate blood
culture sets, with first and last drawn at least 1 h apart [82].
To detect “hard to grow” microorganisms (HACEK group
organisms or fungi) incubation should last 2–4 weeks
[23].

Echocardiography

The second key diagnostic indicator of IE is echocardiog-
raphy. Its sensitivity in CHD-associated IE is 60–80%, but
lower in complex types of CHD and in postoperative course
[8, 9, 20, 33, 34, 38, 53, 58, 79, 83, 84, 97, 107, 108, 127].
Diagnostic advantages of transesophageal echocardiogra-
phy such as more precise visualization of vegetations have
been validated for children [64]. Vegetations can be
visualized by two-dimensional echocardiography (transtho-
racic as small as 2–3 mm and transesophageal 1–1.5 mm)
[136]. The mean vegetation size is approximately 11.5 mm
[97]. Valvular regurgitation can be seen with color Doppler

echocardiography, and hemodynamic valvular compromise
with pulsed or continuous wave Doppler echocardiography
[55, 89, 90]. Moreover, echocardiography may visualize
myocardial abscess formation, paravalvular abscesses,
intracardiac fistulae, dehiscence of a prosthetic valve,
pericardial effusion, or severe myocardial dysfunction.
Guidelines for echocardiographic diagnosis of IE have
been published for adults [29, 56, 136] but not for children
with CHD, so far.

Intraoperative sampling

If surgery is required to replace infected valves or contami-
nated prosthetic material, samples for microbiological workup
should be collected including cultures and molecular diag-
nostics such as eubacterial (as a screening tool) and pathogen-
specific polymerase chain reaction assays [49].

Therapy

Antimicrobial therapy

In the mid-1940s, the introduction of penicillin changed IE
from an almost certainly fatal to a curable condition (Fig. 1)
[21, 30]. Treatment has become a multidisciplinary endeavor
involving specialists for cardiology, cardiac surgery, infec-
tious diseases, hematology, and other disciplines. Antimicro-
bial strategies must take two factors into account: (1)
Infecting organisms exist in a state of reduced metabolic
activity and are extremely densely packed inside vegetations
and (2) cure of IE requires sterilizing vegetations.

Bactericidal rather than bacteriostatic agents must be used
in high dosages and for sufficient time [131]. Combination of
a beta-lactam and an aminoglycoside results in synergistic
bactericidal effect [87]. Exceptions of this synergistic
bactericidal approach are modern bacteriostatic antibiotics
(linezolid or quinupristin/dalfopristin) [10].

Therapy should last >2 weeks, but causative microor-
ganism, involved valve, and antimicrobial compound used
must be taken into consideration. Antibiotics for 6 weeks or
even longer may be required in cardiovascular device-
related IE, which cannot be treated by surgery such as
explantation of foreign material due to comorbidity [62]. To
achieve higher serum drug levels, intravenous is preferable
to oral therapy.

Adequate antibiotic dosing is related to the minimal
inhibitory/bactericidal concentration of the compound
against isolated pathogens. Optimal dosing frequency,
interval, and administration procedure (bolus injection is
superior to continuous infusion) depend on microorganism
and antimicrobial agent used [17, 50]. Finally, timing of
therapy initiation is important. The danger of delaying therapy
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must be weighed against diagnostic importance of isolating
microorganisms in blood cultures. Guidelines for antibiotic
treatment of CHD-associated IE have been published by the
AHA [13, 46], European Society of Cardiology (ESC) [57],
and British Society for Antimicrobial Chemotherapy [45].

Cardiovascular device-related infections

Specific recommendations for cardiovascular device-related
infections have been published in the past [11] and recently
updated for cardiovascular implantable electronic device
infections by the AHA [11, 12] and by the ESC [57]. Thus,
since staphylococci are the most frequent pathogen,
treatment best follows recommendations for healthcare
associated IE or S. aureus IE (Table 2) [46]. Given the
possibility of methicillin resistance, an initial empiric
broad-spectrum therapy should include vancomycin until
susceptibility testing of isolated microorganisms is avail-
able. Linezolid or quinupristin/dalfopristin may be used in
patients with vancomycin intolerance/allergy or vancomycin-
resistant enterococci [6]. The combination of antibiotic
treatment with complete removal of contaminated device, if
ever possible, is preferred [11]. The device removal has been
proposed for closure devices of patent ductus arteriosus,
ASD, and VSD [11]. Similar recommendations are given for
peripheral arterial stent infections, apart from critical ill
children where surgical removal is associated with high risk
and therefore long-term antibiotic treatment is needed. [11]

Duration of antibiotic treatment in uncomplicated cases
is >14 days after device removal and first negative blood
culture, or 4 weeks in complicated cases with vegetations
on the device, and 6 weeks for cardiovascular device-
related infections in left ventricular assist devices compa-
rable to prosthetic cardiac valve infections [11]. A long-
term suppressive, even life-long antimicrobial therapy may
become necessary [106].

Fungal endocarditis

Fungal endocarditis remains difficult to treat, and mortality
approaches 50% [123]. Combined medical and surgical
therapy is recommended [13, 93]. After intravenous
antifungal therapy, it is often necessary to prevent an IE
relapse; this should involve an ongoing long-term antifungal
therapy, usually with an oral azole agent such as ketoconazole
[106], fluconazole, or voriconazole, depending on suscepti-
bility of fungi.

Microbiological monitoring during follow-up

Bacteremia may resolve within several days after initiation
of effective antimicrobials, and 75% of patients become
afebrile during first and 95% during second week of

adequate antibiotic therapy [24]. Fever persisting beyond
this period should trigger a repeated diagnostic workup,
although drug fever as a side effect of antibiotics has to be
considered. Blood cultures should be taken during, at the
end, and 4 weeks after completion of antibiotic treatment to
rule out recurrent IE [24].

Surgical management

Rates of surgery in pediatric patients with CHD-associated
IE, either during or after IE, are 16% to 67% [39, 72, 98].
Recommendations for time-optimized cardiovascular sur-
gery remain to be defined for patients with CHD-associated
IE [46]. Pre- and postoperative complications, mortality,
and length of hospital stay can be reduced, if surgery is
performed early during IE and uses reconstructive techni-
ques without foreign material [1, 61]. Risk-factor stratifi-
cation for death due to CHD-associated IE has not been
validated [59, 110, 111]. Nevertheless, surgery is considered
for ACHD patients with ongoing sepsis despite antimicro-
bial treatment, large mobile vegetations on echocardiogra-
phy with or without embolization, involvement of
mechanical valve prosthesis, myocardial abscess formation
suspicious for atrioventricular block, mycotic aneurysms,
and fungal endocarditis [48, 135]. This strategy is compa-
rable to that with IE not associated with CHD [105].

Development of IE after cardiac surgery such as shunt or
conduit procedure is a potentially life-threatening compli-
cation. Antimicrobial treatment alone is often insufficient
because prostheses are usually polytetrafluoroethylene
tubes which require a surgical re-intervention with explan-
tation of contaminated foreign material [96].

Prevention

The 2007 AHA revised guidelines for prevention of IE, the
ACC/AHA 2008 guidelines for management of adults with
CHD, and the 2009 guidelines of the ESC are focus on
underlying cardiac conditions associated with the highest
risk of adverse outcome and no longer on an increased
lifetime risk for IE [57, 130, 134]. Nevertheless, the AHA
stated difficulties determining contribution of a specific
CHD type as independent IE risk factor because the number
of published series of CHD-associated IE is limited. The
AHA guidelines recognize changes of management strate-
gies and their impact on the natural history of CHD. Indeed,
CHD is operated earlier during infancy and, therefore,
future numbers of patients with unrepaired CHD will
further decrease. Complete repair of certain CHD types,
such as VSD, eliminates the IE risk. Thus, the specific
focus of the AHA guidelines is conceivable: unrepaired
cyanotic CHD which is burdened with the highest risk for
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adverse outcome, including palliative shunts or conduits,
and repaired CHD with prosthetic material for at least
6 months following implantation, the period of incomplete
endothelialization with residual defects [134]. Nevertheless,
prospective studies have to carefully monitor the incidence
of IE, especially for unrepaired VSD, bicuspid aortic valve
stenosis, or patent ductus arteriosus, conditions for which
antibiotic prophylaxis is no longer recommended [18].

Outcomes

Overall mortality of CHD-associated IE has decreased to
10% in 1990 (Fig. 1) [34, 65, 72, 79, 84, 97, 107]. Progress
in diagnosing IE, improvements of antimicrobial treatment,
cardiac surgery, and catheter interventional therapy contrib-
uted to the decrease (Fig. 1). For comparison, mortality of
IE in adults with structural heart disease especially those
aged >60 years is up to 30% (Table 1) [59, 86]. Mortality of
surgery for IE remains high with 40% to 50% [34, 72, 97].

Sievert et al. reported a mortality of 1% due to
staphylococcal infection after interventional closure of
ASD [117], contrasting all other case studies or small
clinical series with no deaths related to IE (Table 2). Factors
predicting a worse outcome for IE in children CHD are
delay of hospital admission, age <3 years, and a vegetation
size >10 mm detected by echocardiography [2, 58, 79].

Conclusions

The risk for IE is distinct whether CHD is unrepaired,
repaired, or palliated. Management of CHD has changed in
the last 20 years. Most CHD have become treatable, and
CHD patients may survive until adulthood. Patients with
unrepaired CHD numerically decrease due to augmented
cardiac surgery or catheter interventional therapy early in
life. Concomitantly, patients with repaired CHD or palliated
CHD numerically increase. ACHD patients form a novel
patient group with distinct risk levels for IE throughout life.
Complete CHD repair may eliminate the risk for IE, as
exemplified in VSD. Residual defects after incomplete
CHD repair and palliated CHD retain an IE risk. The new
AHA and ESC guidelines focus on these patients.

In industrialized countries, IE in CHD is by far more
frequent than in RHD. IE in CHD may evolve after
implanting cardiovascular devices, and cardiovascular
device-related infections emerge as a new type of infection.
Streptococci are more frequently the cause than staphylo-
cocci except in cardiovascular device-related infections,
and IE localizes more often in the left than in the right
heart. Around half of the patients with CHD-associated IE
develop severe episode-related complications. Nevertheless,

the overall outcome of CHD-associated IE is better than of
IE not associated with CHD, possibly due to fewer
prosthetic valve endocarditis, S. aureus IE, co-morbidity,
or complications leading to (secondary) surgery.

Future directions

Prospective investigation of differences between children
and adults with CHD-associated IE is needed. For the
growing population of adults with CHD surviving until
middle age or longer, differences between IE associated
with versus without CHD may be more pronounced. As
adults with CHD may differ from adults with structural
heart disease regarding epidemiology, risk factors, clinical
presentation, complication rates, diagnosis, and outcome,
this will have to be carefully studied. Finally, the impact of
the new AHA and ESC IE prevention guidelines on IE
epidemiology in children and adults with CHD needs to be
monitored.

Acknowledgments We would like to thank Dr. A. Dodge-Khatami
for his assistance in gathering data on surgery-based devices and
Susanne Staubli for her assistance in creating figures.

Disclosures DN has received research and travel grants from
AstraZeneca, Abbott, and Pfizer but has no conflict of interest with
this work.

References

1. Al Jubair K, Al Fagih MR, Al Yousef S, Khan MAA, Sawyer W
(1994) Endocarditis in the young. Cardiol Young 4:252–254

2. Alehan D, Ozkutlu S, Ayabakan C, Bilgic A, Ozme S, Ozer S,
Celiker A (2002) Complications and outcome in left-sided
endocarditis in children. Turk J Pediatr 44:5–12

3. Anguera I, Miro JM, Cabell CH, Abrutyn E, Fowler VG Jr, Hoen
B, Olaison L, Pappas PA, de Lazzari E, Eykyn S, Habib G, Pare
C, Wang A, Corey R (2005) Clinical characteristics and outcome
of aortic endocarditis with periannular abscess in the Interna-
tional Collaboration on Endocarditis Merged Database. Am J
Cardiol 96:976–981

4. Anguera I, Miro JM, Vilacosta I, Almirante B, Anguita M,
Munoz P, Roman JA, de Alarcon A, Ripoll T, Navas E,
Gonzalez-Juanatey C, Cabell CH, Sarria C, Garcia-Bolao I,
Farinas MC, Leta R, Rufi G, Miralles F, Pare C, Evangelista A,
Fowler VG Jr, Mestres CA, de Lazzari E, Guma JR (2005)
Aorto-cavitary fistulous tract formation in infective endocarditis:
clinical and echocardiographic features of 76 cases and risk
factors for mortality. Eur Heart J 26:288–297

5. Ankersmit HJ, Tugulea S, Spanier T, Weinberg AD, Artrip JH,
Burke EM, Flannery M, Mancini D, Rose EA, Edwards NM, Oz
MC, Itescu S (1999) Activation-induced T-cell death and
immune dysfunction after implantation of left-ventricular assist
device. Lancet 354:550–555

6. Arias CA, Murray BE (2008) Emergence and management of
drug-resistant enterococcal infections. Expert Rev Anti Infect
Ther 6:637–655

Eur J Pediatr (2011) 170:1111–1127 1123



7. Armstrong ML, DeBoer S, Cetta F (2008) Infective endocarditis
after body art: a review of the literature and concerns. J Adolesc
Health 43:217–225

8. Ashkenazi S, Levy O, Blieden L (1997) Trends of childhood
infective endocarditis in Israel with emphasis on children under 2
years of Age. Pediatr Cardiol 18:419–424

9. Awadallah SM, Kavey RE, Byrum CJ, Smith FC, Kveselis DA,
Blackman MS (1991) The changing pattern of infective
endocarditis in childhood. Am J Cardiol 68:90–94

10. Babcock HM, Ritchie DJ, Christiansen E, Starlin R, Little R, Stanley
S (2001) Successful treatment of vancomycin-resistant Enterococcus
endocarditis with oral linezolid. Clin Infect Dis 32:1373–1375

11. Baddour LM, Bettmann MA, Bolger AF, Epstein AE, Ferrieri P,
Gerber MA, Gewitz MH, Jacobs AK, Levison ME, Newburger
JW, Pallasch TJ, Wilson WR, Baltimore RS, Falace DA, Shulman
ST, Tani LY, Taubert KA (2003) Nonvalvular cardiovascular
device-related infections. Circulation 108:2015–2031

12. Baddour LM, Epstein AE, Erickson CC, Knight BP, Levison ME,
Lockhart PB, Masoudi FA, Okum EJ, Wilson WR, Beerman LB,
Bolger AF, Estes NA 3rd, Gewitz M, Newburger JW, Schron EB,
Taubert KA (2010) Update on cardiovascular implantable electronic
device infections and their management: a scientific statement from
the American Heart Association. Circulation 121:458–477

13. Baddour LM, Wilson WR, Bayer AS, Fowler VG Jr, Bolger AF,
Levison ME, Ferrieri P, Gerber MA, Tani LY, Gewitz MH, Tong
DC, Steckelberg JM, Baltimore RS, Shulman ST, Burns JC,
Falace DA, Newburger JW, Pallasch TJ, Takahashi M, Taubert
KA (2005) Infective endocarditis: diagnosis, antimicrobial
therapy, and management of complications: a statement for
healthcare professionals from the Committee on Rheumatic
Fever, Endocarditis, and Kawasaki Disease, Council on Cardio-
vascular Disease in the Young, and the Councils on Clinical
Cardiology, Stroke, and Cardiovascular Surgery and Anesthesia,
American Heart Association: endorsed by the Infectious Dis-
eases Society of America. Circulation 111:e394–e434

14. Balasundaram RP, Anandaraja S, Juneja R, Choudhary SK (2005)
Infective endocarditis following implantation of Amplatzer atrial
septal occluder. Indian Heart J 57:167–169

15. Baltimore RS (1992) Infective endocarditis in children. Pediatr
Infect Dis J 11:907–912

16. Bartz PJ, Driscoll DJ, Dearani JA, Puga FJ, Danielson GK,
O’Leary PW, Earing MG, Warnes CA, Hodge DO, Cetta F
(2006) Early and late results of the modified Fontan operation for
heterotaxy syndrome 30 years of experience in 142 patients. J
Am Coll Cardiol 48:2301–2305

17. Barza M, Weinstein L (1974) Some determinants of the distribution
of penicillins and cephalosporins in the body. Practical and
theoretical considerations. Ann N YAcad Sci 235:613–620

18. Baumgartner H (2011) Infective endocarditis in adults with
congenital heart disease: is it time to change our approach to
prophylaxis based on new insights into risk prediction? Eur Heart J.
doi:10.1093/eurheartj/ehr037

19. Baumgartner H, Bonhoeffer P, De Groot NM, de Haan F,
Deanfield JE, Galie N, Gatzoulis MA et al (2010) ESC
guidelines for the management of grown-up congenital heart
disease (new version 2010): The Task Force on the Management
of Grown-up Congenital Heart Disease of the European Society
of Cardiology (ESC). Eur Heart J 31:2915–2957

20. Bitar FF, Jawdi RA, Dbaibo GS, Yunis KA, Gharzeddine W,
Obeid M (2000) Paediatric infective endocarditis: 19-year
experience at a tertiary care hospital in a developing country.
Acta Paediatr 89:427–430

21. Blumenthal S, Griffiths SP, Morgan BC (1960) Bacterial
endocarditis in children with heart disease—a review based on
the literature and experience with 58 cases. Pediatrics 26:993–
1017

22. Bouza E, Menasalvas A, Munoz P, Vasallo FJ, del Mar MM,
Garcia Fernandez MA (2001) Infective endocarditis—a prospec-
tive study at the end of the twentieth century: new predisposing
conditions, new etiologic agents, and still a high mortality.
Medicine (Baltimore) 80:298–307

23. Brouqui P, Raoult D (2001) Endocarditis due to rare and
fastidious bacteria. Clin Microbiol Rev 14:177

24. Brusch JL (2007) Infective endocarditis: management in the era
of intravascular devices. Informa Healthcare, New York

25. Bullock CM, Menahem S, Wilkinson JL (1999) Infective
endocarditis on an occluder closing an atrial septal defect.
Cardiol Young 9:65–67

26. Calachanis M, Carrieri L, Grimaldi R, Veglio F, Orzan F (2004)
Infective endocarditis after transcatheter closure of a patent
foramen ovale. Catheter Cardiovasc Interv 63:351–354

27. Carapetis JR, McDonald M, Wilson NJ (2005) Acute rheumatic
fever. Lancet 366:155–168

28. Chatzis AC, Saroglou G, Giannopoulos NM, Sarris GE (2005)
Subtle infective endocarditis and congenital cardiac disease.
Cardiol Young 15:617–620

29. Cheitlin MD, Armstrong WF, Aurigemma GP, Beller GA,
Bierman FZ, Davis JL, Douglas PS et al (2003) ACC/AHA/
ASE 2003 guideline update for the clinical application of
echocardiography: summary article. A report of the American
College of Cardiology/American Heart Association Task Force
on Practice Guidelines (ACC/AHA/ASE Committee to Update
the 1997 Guidelines for the Clinical Application of Echocardi-
ography). J Am Soc Echocardiogr 16:1091–1110

30. Christie RV (1948) Penicillin in subacute bacterial endocarditis—
report to the medical research council on 269 patients treated in 14
centres appointed by the penicillin clinical trials committee. BrMed
J 1:1–4

31. Connell TG, Rele M, Cowley D, Buttery JP, Curtis N (2007)
How reliable is a negative blood culture result? Volume of blood
submitted for culture in routine practice in a children’s hospital.
Pediatrics 119:891–896

32. Corone P, Levy A, Hallali P, Davido A, Wyler Y, Corone A
(1989) 54 cases of infectious endocarditis seen in 32 years in a
population of 2038 congenital heart diseases. Arch Mal Coeur
Vaiss 82:779–784

33. Coutlee F, Carceller AM, Deschamps L, Kratz C, Lapointe JR,
Davignon A (1990) The evolving pattern of pediatric endocar-
ditis from 1960 to 1985. Can J Cardiol 6:164–170

34. Coward K, Tucker N, Darville T (2003) Infective endocarditis in
Arkansan children from 1990 through 2002. Pediatr Infect Dis J
22:1048–1052

35. Daher AH, Berkowitz FE (1995) Infective endocarditis in
neonates. Clin Pediatr (Phila) 34:198–206

36. Day MD, Gauvreau K, Shulman S, Newburger JW (2009)
Characteristics of children hospitalized with infective endocar-
ditis. Circulation 119:865–870

37. Deanfield J, Thaulow E, Warnes C, Webb G, Kolbel F, Hoffman
A, Sorenson K et al (2003) Management of grown up congenital
heart disease. Eur Heart J 24:1035–1084

38. Di Filippo S, Delahaye F, Semiond B, Celard M, Henaine R,
Ninet J, Sassolas F, Bozio A (2006) Current patterns of infective
endocarditis in congenital heart disease. Heart 92:1490–1495

39. Di Filippo S, Semiond B, Celard M, Sassolas F, Vandenesch F,
Ninet J, Etienne J, Bozio A (2004) Characteristics of infectious
endocarditis in ventricular septal defects in children and adults.
Arch Mal Coeur Vaiss 97:507–514

40. DiNubile MJ, Calderwood SB, Steinhaus DM, Karchmer AW
(1986) Cardiac conduction abnormalities complicating native
valve active infective endocarditis. Am J Cardiol 58:1213–1217

41. Donlan RM (2001) Biofilm formation: a clinically relevant
microbiological process. Clin Infect Dis 33:1387–1392

1124 Eur J Pediatr (2011) 170:1111–1127

http://dx.doi.org/10.1093/eurheartj/ehr037


42. Droz D, Koch L, Lenain A, Michalski H (1997) Bacterial
endocarditis: results of a survey in a children’s hospital in France.
Br Dent J 183:101–105

43. Durack DT, Petersdorf RG (1977) Changes in the epidemiology
of endocarditis. Am Heart Assoc Mono 52:3–8

44. Dyck JD, Benson LN, Smallhorn JF, McLaughlin PR, Freedom
RM, Rowe RD (1988) Catheter occlusion of the persistently
patent ductus arteriosus. Am J Cardiol 62:1089–1092

45. Elliott TS, Foweraker J, Gould FK, Perry JD, Sandoe JA (2004)
Guidelines for the antibiotic treatment of endocarditis in adults:
report of the Working Party of the British Society for Antimicrobial
Chemotherapy. J Antimicrob Chemother 54:971–981

46. Ferrieri P, Gewitz MH, Gerber MA, Newburger JW, Dajani AS,
Shulman ST, Wilson W, Bolger AF, Bayer A, Levison ME,
Pallasch TJ, Gage TW, Taubert KA (2002) Unique features of
infective endocarditis in childhood. Circulation 105:2115–2126

47. Fukushige J, Igarashi H, Ueda K (1994) Spectrum of infective
endocarditis during infancy and childhood: 20-year review.
Pediatr Cardiol 15:127–131

48. Gatzoulis M (2003) Diagnosis and management of adult
congenital heart disease. Churchill Livingstone, Edinburgh

49. Gauduchon V, Chalabreysse L, Etienne J, Celard M, Benito Y,
Lepidi H, Thivolet-Bejui F, Vandenesch F (2003) Molecular
diagnosis of infective endocarditis by PCR amplification and direct
sequencing of DNA from valve tissue. J ClinMicrobiol 41:763–766

50. Gengo FM, Schentag JJ (1982) Rate of methicillin penetration
into normal heart valve and experimental endocarditis lesions.
Antimicrob Agents Chemother 21:456–459

51. Gersony WM, Hayes CJ (1977) Bacterial endocarditis in patients
with pulmonary stenosis, aortic stenosis, or ventricular septal
defect. Circulation 56:I84–I87

52. Gersony WM, Hayes CJ, Driscoll DJ, Keane JF, Kidd L, Ofallon
WM, Pieroni DR, Wolfe RR, Weidman WH (1993) Bacterial-
endocarditis in patients with aortic-stenosis, pulmonary stenosis,
or ventricular septal-defect. Circulation 87:121–126

53. Geva T, Frand M (1988) Infective endocarditis in children with
congenital heart disease: the changing spectrum, 1965–85. Eur
Heart J 9:1244–1249

54. Goldstein JA, BeardsleeMA, Xu HD, Sundt TM, Lasala JM (2002)
Infective endocarditis resulting from CardioSEAL closure of a
patent foramen ovale. Catheter Cardiovasc Interv 55:217–220

55. Gomez-Nunez N, Vargas-Barron J, Espinola-Zavaleta N,
Romero-Cardenas A, Hernandez-Reyes P, Keirns C, Roldan FJ,
Vazquez-Antona C (2001) Echocardiographic study of patients
with congenital heart disease and infective endocarditis. Echo-
cardiography 18:485–490

56. Habib G, Badano L, Tribouilloy C, Vilacosta I, Zamorano JL,
Galderisi M, Voigt JU, Sicari R, Cosyns B, Fox K, Aakhus S
(2010) Recommendations for the practice of echocardiography in
infective endocarditis. Eur J Echocardiogr 11:202–219

57. Habib G, Hoen B, Tornos P, Thuny F, Prendergast B, Vilacosta I,
Moreillon P et al (2009) Guidelines on the prevention, diagnosis,
and treatment of infective endocarditis (new version 2009): the
Task Force on the Prevention, Diagnosis, and Treatment of
Infective Endocarditis of the European Society of Cardiology
(ESC). Eur Heart J 30:2369–2413

58. Hansen D, Schmiegelow K, Jacobsen JR (1992) Bacterial
endocarditis in children: trends in its diagnosis, course, and
prognosis. Pediatr Cardiol 13:198–203

59. Hasbun R, Vikram HR, Barakat LA, Buenconsejo J, Quagliarello
VJ (2003) Complicated left-sided native valve endocarditis in
adults: risk classification for mortality. JAMA 289:1933–1940

60. Hayes CJ, Gersony WM, Driscoll DJ, Keane JF, Kidd L, O’Fallon
WM, Pieroni DR, Wolfe RR, Weidman WH (1993) Second natural
history study of congenital heart defects. Results of treatment of
patients with pulmonary valvar stenosis. Circulation 87:I28–I37

61. Hickey EJ, Jung G, Manlhiot C, Sakopoulos AG, Caldarone CA,
Coles JG, Van Arsdell GS, McCrindle BW (2009) Infective
endocarditis in children: native valve preservation is frequently
possible despite advanced clinical disease. Eur J Cardiothorac
Surg 35:130–135

62. Hoen B (2002) Special issues in the management of infective
endocarditis caused by gram-positive cocci. Infect Dis Clin
North Am 16:437–452

63. Hoffman JI, Kaplan S (2002) The incidence of congenital heart
disease. J Am Coll Cardiol 39:1890–1900

64. Humpl T, McCrindle BW, Smallhorn JF (2003) The relative roles
of transthoracic compared with transesophageal echocardiogra-
phy in children with suspected infective endocarditis. J Am Coll
Cardiol 41:2068–2071

65. Ishiwada N, Niwa K, Tateno S, Yoshinaga M, Terai M, Nakazawa
M (2005) Causative organism influences clinical profile and
outcome of infective endocarditis in pediatric patients and adults
with congenital heart disease. Circ J 69:1266–1270

66. Jacobs JP, Jacobs ML, Maruszewski B, Lacour-Gayet FG, Clarke
DR, Tchervenkov CI, Gaynor JW, Spray TL, Stellin G, Elliott
MJ, Ebels T, Mavroudis C (2005) Current status of the European
Association for Cardio-Thoracic Surgery and the Society of
Thoracic Surgeons Congenital Heart Surgery Database. Ann
Thorac Surg 80:2278–2283, discussion 2283–2274

67. Johnson CM, Rhodes KH (1982) Pediatric endocarditis. Mayo
Clin Proc 57:86–94

68. Johnson DH, Rosenthal A, Nadas AS (1975) 40-year review of
bacterial-endocarditis in infancy and childhood. Circulation
51:581–588

69. Karl T, Wensley D, Stark J, de Leval M, Rees P, Taylor JF (1987)
Infective endocarditis in children with congenital heart disease:
comparison of selected features in patients with surgical
correction or palliation and those without. Br Heart J 58:57–65

70. Kaye D (1985) Infective endocarditis. An overview. Am J Med
78:107–109

71. Klug D, Vaksmann G, Jarwe M, Wallet F, Francart C, Kacet S,
Rey C (2003) Pacemaker lead infection in young patients. Pace-
Pacing and Clinical Electrophysiology 26:1489–1493

72. Knirsch W, Haas NA, Uhlemann F, Dietz K, Lange PE (2005)
Clinical course and complications of infective endocarditis in
patients growing up with congenital heart disease. Int J Cardiol
101:285–291

73. Knirsch W, Hassberg D, Beyer A, Teufel T, Pees C, Uhlemann F,
Lange PE (2003) Knowledge, compliance and practice of
antibiotic endocarditis prophylaxis of patients with congenital
heart disease. Pediatr Cardiol 24:344–349

74. Kramer HH, Bourgeois M, Liersch R, Kuhn H, Nessler L, Meyer
H, Sievers G (1983) Current clinical aspects of bacterial-
endocarditis in infancy, childhood, and adolescence. Eur J
Pediatr 140:253–259

75. Kreutzer J, Ryan CA, Gauvreau K, Van Praagh R, Anderson JM,
Jenkins KJ (2001) Healing response to the Clamshell device for
closure of intracardiac defects in humans. Catheter Cardiovasc
Interv 54:101–111

76. Langille BL (2001) Morphologic responses of endothelium to
shear stress: reorganization of the adherens junction. Microcir-
culation 8:195–206

77. Lerner PI, Weinstein L (1966) Infective endocarditis in the
antibiotic era. N Engl J Med 274:199–206

78. Lerner PI, Weinstein L (1966) Infective endocarditis in the
antibiotic era. N Engl J Med 274:388–393

79. Lertsapcharoen P, Khongphatthanayothin A, Chotivittayatarakorn
P, Thisyakorn C, Pathmanand C, Sueblinvong V (2005) Infective
endocarditis in pediatric patients: an eighteen-year experience
from King Chulalongkorn Memorial Hospital. J Med Assoc Thai
88(Suppl 4):S12–S16

Eur J Pediatr (2011) 170:1111–1127 1125



80. Levy I, Shalit I, Birk E, Sirota L, Ashkenazi S, German B,
Linder N (2006) Candida endocarditis in neonates: report of five
cases and review of the literature. Mycoses 49:43–48

81. Lewena S (2005) Infective endocarditis: experience of a
paediatric emergency department. J Paediatr Child Health
41:269–272

82. Li JS, Sexton DJ, Mick N, Nettles R, Fowler VG Jr, Ryan T,
Bashore T, Corey GR (2000) Proposed modifications to the Duke
criteria for the diagnosis of infective endocarditis. Clin Infect Dis
30:633–638

83. Li W, Somerville J (1998) Infective endocarditis in the grown-up
congenital heart (GUCH) population. Eur Heart J 19:166–173

84. Liew WK, Tan TH, Wong KY (2004) Infective endocarditis in
childhood: a seven-year experience. Singapore Med J 45:525–
529

85. Lockhart PB, Brennan MT, Kent ML, Norton HJ, Weinrib DA
(2004) Impact of amoxicillin prophylaxis on the incidence,
nature, and duration of bacteremia in children after intubation
and dental procedures. Circulation 109:2878–2884

86. Lytle BW, Priest BP, Taylor PC, Loop FD, Sapp SK, Stewart RW,
McCarthy PM, Muehrcke D, Cosgrove DM 3rd (1996) Surgical
treatment of prosthetic valve endocarditis. J Thorac Cardiovasc
Surg 111:198–207, discussion 207–110

87. Malacoff RF, Frank E, Andriole VT (1979) Streptococcal
endocarditis (nonenterococcal, non-group A): single vs combi-
nation therapy. JAMA 241:1807–1810

88. Martin JM, Neches WH, Wald ER (1997) Infective endocarditis:
35 years of experience at a children’s hospital. Clin Infect Dis
24:669–675

89. Mathew J, Anand A, Addai T, Freels S (2001) Value of
echocardiographic findings in predicting cardiovascular compli-
cations in infective endocarditis. Angiology 52:801–809

90. McMahon CJ, Ayres N, Pignatelli RH, Franklin W, Vargo TA,
Bricker JT, El-Said HG (2003) Echocardiographic presentations
of endocarditis, and risk factors for rupture of a sinus of Valsalva
in childhood. Cardiol Young 13:168–172

91. Mecrow IK, Ladusans EJ (1994) Infective endocarditis in
newborn infants with structurally normal hearts. Acta Paediatr
83:35–39

92. Meine TJ, Nettles RE, Anderson DJ, Cabell CH, Corey GR,
Sexton DJ, Wang A (2001) Cardiac conduction abnormalities in
endocarditis defined by the Duke criteria. Am Heart J 142:280–
285

93. Millar BC, Jugo J, Moore JE (2005) Fungal endocarditis in
neonates and children. Pediatr Cardiol 26:517–536

94. Millard DD, Shulman ST (1988) The changing spectrum of
neonatal endocarditis. Clin Perinatol 15:587–608

95. Moreillon P, Que YA, Bayer AS (2002) Pathogenesis of
streptococcal and staphylococcal endocarditis. Infect Dis Clin
North Am 16:297–318

96. Morris CD, Reller MD, Menashe VD (1998) Thirty-year
incidence of infective endocarditis after surgery for congenital
heart defect. JAMA 279:599–603

97. Niwa K, Nakazawa M, Tateno S, Yoshinaga M, Terai M (2005)
Infective endocarditis in congenital heart disease: Japanese
national collaboration study. Heart 91:795–800

98. Nomura F, Penny DJ, Menahem S, Pawade A, Karl TR (1995)
Surgical intervention for infective endocarditis in infancy and
childhood. Ann Thorac Surg 60:90–95

99. Normand J, Bozio A, Etienne J, Sassolas F, Le Bris H (1995)
Changing patterns and prognosis of infective endocarditis in
childhood. Eur Heart J 16(Suppl B):28–31

100. Parras F, Bouza E, Romero J, Buzon L, Quero M, Brito J,
Vellibre D (1990) Infectious endocarditis in children. Pediatr
Cardiol 11:77–81

101. Pearlman SA, Higgins S, Eppes S, Bhat AM, Klein JD (1998)
Infective endocarditis in the premature neonate. Clin Pediatr
(Phila) 37:741–746

102. Peled N, Pitlik S, Livni G, Ashkenazi S, Bishara J (2006) Impact
of age on clinical features and outcome of infective endocarditis.
Eur J Clin Microbiol Infect Dis 25:473–475

103. Perry EL, Fleming RG, Edwards JE (1952) Myocardial lesions in
subacute bacterial endocarditis. Arch Intern Med 36:126–137

104. Powell AJ, Lock JE, Keane JF, Perry SB (1995) Prolongation of
RV-PA conduit life-span by percutaneous stent implantation—
intermediate-term results. Circulation 92:3282–3288

105. Prendergast BD, Tornos P (2010) Surgery for infective endocar-
ditis: who and when? Circulation 121:1141–1152

106. Roy D, Grove DI (2000) Efficacy of long-term antibiotic
suppressive therapy in proven or suspected infected abdominal
aortic grafts. J Infect 40:184–204

107. Sadiq M, Nazir M, Sheikh SA (2001) Infective endocarditis in
children—incidence, pattern, diagnosis and management in a
developing country. Int J Cardiol 78:175–182

108. Saiman L, Prince A, Gersony WM (1993) Pediatric infective
endocarditis in the modern era. J Pediatr 122:847–853

109. Scheuerman O, Bruckheimer E, Marcus N, Hoffer V, Garty BZ
(2006) Endocarditis after closure of ventricular septal defect by
transcatheter device. Pediatrics 117:E1256–E1258

110. Schollin J, Bjarke B, Wesstrom G (1986) Infective endocarditis
in Swedish children. I. Incidence, etiology, underlying factors
and port of entry of infection. Acta Paediatr Scand 75:993–998

111. Schollin J, Bjarke B, Wesstrom G (1986) Infective endocarditis in
Swedish children. II. Location, major complications, laboratory
findings, delay of treatment, treatment and outcome. Acta
Paediatr Scand 75:999–1004

112. Shah P, Singh WS, Rose V, Keith JD (1966) Incidence of
bacterial endocarditis in ventricular septal defects. Circulation
34:127–131

113. Shebani SO, Miles HF, Simmons P, Stickley J, De Giovanni JV
(2007) Awareness of the risk of endocarditis associated with
tattooing and body piercing among patients with congenital heart
disease and paediatric cardiologists in the United Kingdom. Arch
Dis Child 92:1013–1014

114. Shenkman B, Rubinstein E, Cheung AL, Brill GE, Dardik R,
Tamarin I, Savion N, Varon D (2001) Adherence properties of
Staphylococcus aureus under static and flow conditions: roles of
agr and sar loci, platelets, and plasma ligands. Infect Immun
69:4473–4478

115. Shive MS, Hasan SM, Anderson JM (1999) Shear stress effects
on bacterial adhesion, leukocyte adhesion, and leukocyte
oxidative capacity on a polyetherurethane. J Biomed Mater Res
46:511–519

116. Sholler GF, Hawker RE, Celermajer JM (1986) Infective
endocarditis in childhood. Pediatr Cardiol 6:183–186

117. Sievert H, Babic UU, Hausdorf G, Schneider M, Hopp HW,
Pfeiffer D, Pfisterer M, Friedli B, Urban P (1998) Transcatheter
closure of atrial septal defect and patent foramen ovale with
ASDOS device (a multi-institutional European trial). Am J
Cardiol 82:1405–1413

118. Slesnick TC, Nugent AW, Fraser CD, Cannon BC (2008)
Incomplete endothelialization and late development of acute
bacterial endocarditis after implantation of an Amplatzer septal
occluder device. Circulation 117:E326–E327

119. Stanton BF, Baltimore RS, Clemens JD (1984) Changing
spectrum of infective endocarditis in children. Analysis of 26
cases, 1970–1979. Am J Dis Child 138:720–725

120. Starkebaum M, Durack D, Beeson P (1977) The “incubation
period” of subacute bacterial endocarditis. Yale J Biol Med
50:49–58

1126 Eur J Pediatr (2011) 170:1111–1127



121. Steelman R, Einzig S, Balian A, Thomas J, Rosen D, Gustafson
R, Gochenour L (2000) Increased susceptibility to gingival
colonization by specific HACEK microbes in children with
congenital heart disease. J Clin Pediatr Dent 25:91–94

122. Takeda S, Nakanishi T, Nakazawa M (2005) A 28-year trend of
infective endocarditis associated with congenital heart diseases: a
single institute experience. Pediatr Int 47:392–396

123. Tissieres P, Jaeggi ET, Beghetti M, Gervaix A (2005) Increase of
fungal endocarditis in children. Infection 33:267–272

124. Tornos MP, Permanyer-Miralda G, Olona M, Gil M, Galve E,
Almirante B, Soler-Soler J (1992) Long-term complications of
native valve infective endocarditis in non-addicts. A 15-year
follow-up study. Arch Intern Med 117:567–572

125. van der Meer JT, Thompson J, Valkenburg HA, Michel MF (1992)
Epidemiology of bacterial endocarditis in The Netherlands. I.
Patient characteristics. Arch Intern Med 152:1863–1868

126. van der Meer JT, Thompson J, Valkenburg HA, Michel MF (1992)
Epidemiology of bacterial endocarditis in The Netherlands. II.
Antecedent procedures and use of prophylaxis. Arch Intern Med
152:1869–1873

127. Van Hare GF, Ben-Shachar G, Liebman J, Boxerbaum B,
Riemenschneider TA (1984) Infective endocarditis in infants
and children during the past 10 years: a decade of change. Am
Heart J 107:1235–1240

128. Verheugt CL, Uiterwaal CS, van der Velde ET, Meijboom FJ,
Pieper PG, Veen G, Stappers JL, Grobbee DE, Mulder BJ (2011)
Turning 18 with congenital heart disease: prediction of infective
endocarditis based on a large population. Eur Heart J.
doi:10.1093/eurheartj/ehq485

129. Warnes CA (2009) Adult congenital heart disease importance of
the right ventricle. J Am Coll Cardiol 54:1903–1910

130. Warnes CA, Williams RG, Bashore TM, Child JS, Connolly HM,
Dearani JA, del Nido P, Fasules JW, Graham TP Jr, Hijazi ZM,
Hunt SA, King ME, Landzberg MJ, Miner PD, Radford MJ,
Walsh EP, Webb GD (2008) ACC/AHA 2008 guidelines for the
management of adults with congenital heart disease: a report of

the American College of Cardiology/American Heart Associa-
tion Task Force on Practice Guidelines (writing committee to
develop guidelines on the management of adults with congenital
heart disease). Circulation 118:e714–e833

131. Watanakunakorn C (1976) Clindamycin therapy of Staphylococ-
cus aureus endocarditis. Clinical relapse and development of
resistance to clindamycin, lincomycin and erythromycin. Am J
Med 60:419–425

132. Weber R, Berger C, Balmer C, Kretschmar O, Bauersfeld U,
Pretre R, Nadal D, Knirsch W (2008) Interventions using foreign
material to treat congenital heart disease in children increase the
risk for infective endocarditis. Pediatr Infect Dis J 27:544–550

133. Wilkinson JL, Goh TH (1998) Early clinical experience with use
of the ‘Amplatzer Septal Occluder’ device for atrial septal defect.
Cardiol Young 8:295–302

134. Wilson W, Taubert KA, Gewitz M, Lockhart PB, Baddour LM,
Levison M, Bolger A, Cabell CH, Takahashi M, Baltimore RS,
Newburger JW, Strom BL, Tani LY, Gerber M, Bonow RO,
Pallasch T, Shulman ST, Rowley AH, Burns JC, Ferrieri P,
Gardner T, Goff D, Durack DT (2007) Prevention of infective
endocarditis: guidelines from the American Heart Association: a
guideline from the American Heart Association Rheumatic
Fever, Endocarditis, and Kawasaki Disease Committee, Council
on Cardiovascular Disease in the Young, and the Council on
Clinical Cardiology, Council on Cardiovascular Surgery and
Anesthesia, and the Quality of Care and Outcomes Research
Interdisciplinary Working Group. Circulation 116:1736–1754

135. Yoshinaga M, Niwa K, Niwa A, Ishiwada N, Takahashi H,
Echigo S, Nakazawa M (2008) Risk factors for in-hospital
mortality during infective endocarditis in patients with congenital
heart disease. Am J Cardiol 101:114–118

136. Yvorchuk KJ, Chan KL (1994) Application of transthoracic and
transesophageal echocardiography in the diagnosis and manage-
ment of infective endocarditis. J Am Soc Echocardiogr 7:294–308

137. Zuberbuhler JR (1997) The changing face of infectious endo-
carditis. Cardiol Young 7:129–130

Eur J Pediatr (2011) 170:1111–1127 1127

http://dx.doi.org/10.1093/eurheartj/ehq485

	Infective endocarditis in congenital heart disease
	Abstract
	Introduction
	Epidemiology
	Pathogenesis
	Predisposing risk factors
	Type of heart malformation
	Unrepaired CHD
	Repaired CHD
	Palliated CHD
	Prosthetic material

	Sources of bacteremia
	Other risk factors

	Microbiology
	Clinical manifestations and episode-related �complications
	Clinical course
	Clinical signs and symptoms
	Cardiac episode-related complications
	Extracardiac episode-related complications

	Diagnosis
	Blood cultures
	Echocardiography
	Intraoperative sampling

	Therapy
	Antimicrobial therapy
	Cardiovascular device-related infections
	Fungal endocarditis
	Microbiological monitoring during follow-up

	Surgical management

	Prevention
	Outcomes
	Conclusions
	Future directions
	References


