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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 Cardiovascular

Disease in the Young, and the Councils on Clinical Cardiology, Stroke, and
Cardiovascular Surgery and Anesthesia, American Heart Association

Endorsed by the Infectious Diseases Society of America
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Masato Takahashi, MD; Kathryn A. Taubert, PhD

Background—Despite advances in medical, surgical, and critical care interventions, infective endocarditis remains a
disease that is associated with considerable morbidity and mortality. The continuing evolution of antimicrobial
resistance among common pathogens that cause infective endocarditis creates additional therapeutic issues for
physicians to manage in this potentially life-threatening illness.

Methods and Results—This work represents the third iteration of an infective endocarditis “treatment” document developed by
the American Heart Association under the auspices of the Committee on Rheumatic Fever, Endocarditis, and Kawasaki
Disease, Council on Cardiovascular Disease of the Young. It updates recommendations for diagnosis, treatment, and
management of complications of infective endocarditis. A multidisciplinary committee of experts drafted this document to
assist physicians in the evolving care of patients with infective endocarditis in the new millennium. This extensive document
is accompanied by an executive summary that covers the key points of the diagnosis, antimicrobial therapy, and management
of infective endocarditis. For the first time, an evidence-based scoring system that is used by the American College of
Cardiology and the American Heart Association was applied to treatment recommendations. Tables also have been included
that provide input on the use of echocardiography during diagnosis and treatment of infective endocarditis, evaluation and
treatment of culture-negative endocarditis, and short-term and long-term management of patients during and after completion
of antimicrobial treatment. To assist physicians who care for children, pediatric dosing was added to each treatment regimen.

Conclusions—The recommendations outlined in this update should assist physicians in all aspects of patient care in the
diagnosis, medical and surgical treatment, and follow-up of infective endocarditis, as well as management of associated
complications. Clinical variability and complexity in infective endocarditis, however, dictate that these guidelines be
used to support and not supplant physician-directed decisions in individual patient management. (Circulation. 2005;
111:e394-e433.)
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Infective endocarditis (IE), like most other syndromes of
bacterial infection, has not escaped the impact of burgeon-

ing antibiotic resistance among common pathogens. Since the
most recent version of the American Heart Association
(AHA) statement addressing treatment of IE was published in
1995,1 unparalleled changes have occurred in antibiotic
susceptibility among the 3 major bacterial causes of IE:
streptococci, staphylococci, and enterococci. Reports from
different patient populations indicate that multidrug resis-
tance among viridans group streptococci is now characteristic
of many colonizing and infecting strains.2–4 Oxacillin resis-
tance among Staphylococcus aureus (ORSA) isolates is at an
all-time high at many tertiary care institutions. In addition,
reports5–7 from several areas of the United States indicate that
community-acquired infection resulting from ORSA is fre-
quently seen. Perhaps the most alarming event for S aureus is
the development of intermediate- and high-level resistance to
vancomycin, which was first described in Japan in 19978 and
subsequently reported in several other areas, including the
United States.9–11 Vancomycin resistance among enterococci
is characteristic of many of the nosocomial isolates. Increas-

ing aminoglycoside resistance among enterococci has been
reported12 and has potential serious ramifications for treat-
ment efficacy if it becomes more prevalent among enterococ-
cal isolates causing IE.

Coupled with the recent deterioration of antibiotic suscep-
tibility among these groups of Gram-positive cocci is the
observation that S aureus has surpassed viridans group
streptococci as the leading cause of IE in several recent case
series.13–15 This has resulted in an overall worsening of the
average clinical course of patients with endocarditis and has
been associated with an increased number of serious compli-
cations and higher mortality rates.

The AHA’s recommendations for the treatment of IE have
therefore been updated in this statement to better address
these microbiological changes. The present Writing Commit-
tee conducted a comprehensive review of the literature
published between 1990 and 2004 to assist the group in
updating the previous version of the guidelines. Literature
searches of the PubMed/MEDLINE databases were under-
taken to identify pertinent articles. Searches were limited to
the English language. The major search terms included
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endocarditis, infective endocarditis, infectious endocarditis,
intracardiac, valvular, mural, infection, diagnosis, bactere-
mia, case definition, epidemiology, risks, demographics, in-
jection drug use, echocardiography, microbiology, culture-
negative, therapy, antibiotic, antifungal, antimicrobial,
antimicrobial resistance, adverse drug effects, drug monitor-
ing, outcome, meta-analysis, complications, abscess, conges-
tive heart failure, emboli, stroke, conduction abnormalities,
survival, pathogens, organisms, treatment, surgery, indica-
tions, valve replacement, valve repair, ambulatory care,
trials, and prevention.

In addition, the present statement includes and updates
sections of a separate statement16 that addressed diagnostic
and management issues, so that all aspects of endocarditis
diagnosis and treatment would be more conveniently present-
ed in a single citation. This work primarily addresses IE in
adults; a more detailed review of the unique features of IE in
children is available in another statement17 from the AHA
Committee on Rheumatic Fever, Endocarditis, and Kawasaki
Disease. The Committee has also published a statement18 on
endocarditis that complicates electrophysiological (pacemak-
ers, intracardiac defibrillators), ventricular assist, and other
nonvalvular cardiac devices.

Evidence-Based Scoring System
This is the first time that the American College of Cardiology/
American Heart Association evidence-based scoring system (see
http://circ.ahajournals.org/manual/manual_IIstep6.shtml) has
been incorporated into the AHA’s endocarditis treatment guide-
lines. The purpose of the scoring system is to assist the clinician
in interpreting these recommendations and formulating treat-
ment decisions. The system is based on both a classification of
recommendations and the level of evidence. Each treatment
recommendation has been assigned a class and a level of
evidence. The use of this system should support but not supplant
the clinician’s decision making in the management of individual
patients’ cases.

Classification of Recommendations

Class I: Conditions for which there is evidence, general
agreement, or both that a given procedure or treatment is
useful and effective.

Class II: Conditions for which there is conflicting evidence, a
divergence of opinion, or both about the usefulness/
efficacy of a procedure or treatment.
Class IIa: Weight of evidence/opinion is in favor of

usefulness/efficacy.
Class IIb: Usefulness/efficacy is less well established by

evidence/opinion.
Class III: Conditions for which there is evidence, general

agreement, or both that the procedure/treatment is not
useful/effective and in some cases may be harmful.

Level of Evidence

Level of Evidence A: Data derived from multiple randomized
clinical trials

Level of Evidence B: Data derived from a single randomized
trial or nonrandomized studies

Level of Evidence C: Consensus opinion of experts

Diagnosis
The diagnosis of IE is straightforward in patients with classic
Oslerian manifestations: bacteremia or fungemia, evidence of
active valvulitis, peripheral emboli, and immunologic vascu-
lar phenomena. In other patients, however, the classic periph-
eral stigmata may be few or absent. This may occur during
acute courses of IE, particularly among patients who are
injection drug users (IDUs), in whom IE is often the result of
S aureus infection of right-sided heart valves. Acute IE may
evolve too quickly for the development of immunologic
vascular phenomena, which are more characteristic of sub-
acute IE. In addition, valve lesions in acute right-sided IE
usually do not create the peripheral emboli and immunologic
vascular phenomena that can result from left-sided valvular
involvement. Right-sided IE can cause septic pulmonary
emboli, however.

The variability in clinical presentation of IE requires a
diagnostic strategy that is both sensitive for disease detection
and specific for its exclusion across all forms of the disease.
In 1994, Durack and colleagues19 from Duke University
Medical Center proposed a diagnostic schema termed the
Duke criteria, which stratified patients with suspected IE into
3 categories: “definite” cases, identified either clinically or
pathologically (IE proved at surgery or autopsy); “possible”
cases (not meeting the criteria for definite IE); and “rejected”
cases (no pathological evidence of IE at autopsy or surgery,
rapid resolution of the clinical syndrome with either no
treatment or short-term antibiotic therapy, or a firm alterna-
tive diagnosis).

A diagnosis of IE is based on the presence of either major
or minor clinical criteria. Major criteria in the Duke strategy
included IE documented by data obtained at the time of open
heart surgery or autopsy (pathologically definite) or by
well-defined microbiological criteria (high-grade bacteremia
or fungemia) plus echocardiographic data (clinically defi-
nite). To maintain the high specificity of blood culture results
for IE, the Duke criteria required that some patients with
high-grade bacteremia with common IE pathogens also fulfill
secondary criteria. For example, bacteremia resulting from
viridans streptococci and members of the HACEK group of
fastidious Gram-negative rods, which are classic IE patho-
gens but uncommonly seen in patients without IE, are given
primary diagnostic weight. In contrast, S aureus and Entero-
coccus faecalis commonly cause both IE and non-IE bacte-
remias. The Duke criteria therefore gave diagnostic weight to
bacteremia with staphylococci or enterococci only when they
were community acquired and without an apparent primary
focus; these latter types of bacteremia have the highest risk of
being associated with IE.19,20

The Duke criteria incorporated echocardiographic findings
in the diagnostic strategy. Major diagnostic weight was given
to only 3 typical echocardiographic findings: mobile,
echodense masses attached to valvular leaflets or mural
endocardium; periannular abscesses; or new dehiscence of a
valvular prosthesis (see Echocardiography).

Six common but less specific findings of IE also were
included as minor criteria in the original Duke schema:
intermittent bacteremia or fungemia, fever, major embolic
events, nonembolic vascular phenomena, underlying valvular
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disease or injection drug use, and echocardiographic abnor-
malities that fell short of typical valvular vegetations, ab-
scesses, or dehiscence. Clinically definite IE by the Duke
criteria required the presence of 2 major criteria, 1 major
criterion and 3 minor criteria, or 5 minor criteria. In the mid-
to late 1990s, direct analyses of the Duke criteria were made
in 11 major studies,21–32 including nearly 1700 patients
composed of geographically and clinically diverse groups
(adult, pediatric, older adult [�60 years old], patients from
the community, patients with and without injection drug use,
and patients with both native and prosthetic valves). These
studies21–32 confirmed the high sensitivity and specificity of
the Duke criteria and the diagnostic utility of echocardiogra-
phy in identifying clinically definite cases. Moreover, a
retrospective study of 410 patients showed good agreement
(72% to 90%) between the Duke criteria and clinical assess-
ment by infectious disease experts blinded to underlying IE
risk factors.33

Several refinements have been made recently to both the
major and minor Duke criteria. As noted above, in the
original Duke criteria, bacteremia resulting from S aureus
was considered to fulfill a major criterion only if it was
community acquired because ample literature has suggested
that this parameter is an important surrogate marker for
underlying IE.20 An increasing number of contemporary
studies, however, have documented IE in patients experienc-
ing nosocomial staphylococcal bacteremia. For example, of
59 consecutive patients with S aureus IE, 45.8% had noso-
comially acquired infections and 50.8% had a removable
focus of infection.34 In a more recent analysis of 262 patients
at Duke University Medical Center who had hospital-
acquired S aureus bacteremia, 34 (13%) were subsequently

diagnosed with definite IE. Therefore, the modified Duke
criteria (Tables 1A and 1B) recommend the inclusion of S
aureus bacteremia as a major criterion, regardless of whether
the infection is nosocomially acquired (with or without a
removable source of infection) or community acquired.35

Specific serological data have now been included to more
precisely establish the etiologic agents of “culture-negative”
endocarditis (as a surrogate for positive blood cultures). Such
serological criteria would be applied in circumstances in
which the etiologic organism is slow growing or requires
special culture media (eg, Brucella) or in which the organism
is not readily cultivated in most clinical microbiology labo-
ratories (eg, Coxiella burnetii). For example, in the original
Duke criteria, a positive serology for Q fever was considered
a minor microbiological criterion. Subsequently, Fournier et
al36 studied 20 pathologically confirmed cases of Q fever IE.

TABLE 1A. Definition of Infective Endocarditis According to
the Modified Duke Criteria

Definite infective endocarditis

Pathological criteria

Microorganisms demonstrated by culture or histological examination of
a vegetation, a vegetation that has embolized, or an intracardiac
abscess specimen; or

Pathological lesions; vegetation or intracardiac abscess confirmed by
histological examination showing active endocarditis

Clinical criteria

2 major criteria; or

1 major criterion and 3 minor criteria; or

5 minor criteria

Possible IE

1 major criterion and 1 minor criterion; or

3 minor criteria

Rejected

Firm alternative diagnosis explaining evidence of IE; or

Resolution of IE syndrome with antibiotic therapy for �4 days; or

No pathological evidence of IE at surgery or autopsy, with antibiotic
therapy for �4 days; or

Does not meet criteria for possible IE as above

Modifications shown in boldface. Reprinted with permission from Clinical
Infectious Diseases.35 Copyright 2000, The University of Chicago Press.

TABLE 1B. Definition of Terms Used in the Modified Duke
Criteria for the Diagnosis of Infective Endocarditis

Major criteria

Blood culture positive for IE

Typical microorganisms consistent with IE from 2 separate blood
cultures: Viridans streptococci, Streptococcus bovis, HACEK group,
Staphylococcus aureus; or community-acquired enterococci in the
absence of a primary focus; or

Microorganisms consistent with IE from persistently positive blood
cultures defined as follows: At least 2 positive cultures of blood
samples drawn �12 h apart; or all of 3 or a majority of �4 separate
cultures of blood (with first and last sample drawn at least 1 h apart)

Single positive blood culture for Coxiella burnetii or anti–phase 1
IgG antibody titer >1:800

Evidence of endocardial involvement

Echocardiogram positive for IE (TEE recommended for patients with
prosthetic valves, rated at least “possible IE” by clinical criteria,
or complicated IE �paravalvular abscess�; TTE as first test in other
patients) defined as follows: oscillating intracardiac mass on valve or
supporting structures, in the path of regurgitant jets, or on implanted
material in the absence of an alternative anatomic explanation; or
abscess; or new partial dehiscence of prosthetic valve; new valvular
regurgitation (worsening or changing or preexisting murmur not
sufficient)

Minor criteria

Predisposition, predisposing heart condition, or IDU

Fever, temperature �38°C

Vascular phenomena, major arterial emboli, septic pulmonary infarcts,
mycotic aneurysm, intracranial hemorrhage, conjunctival hemorrhages,
and Janeway’s lesions

Immunologic phenomena: glomerulonephritis, Osler’s nodes, Roth’s spots,
and rheumatoid factor

Microbiological evidence: positive blood culture but does not meet a
major criterion as noted above* or serological evidence of active infection
with organism consistent with IE

Echocardiographic minor criteria eliminated

Modifications shown in boldface.
*Excludes single positive cultures for coagulase-negative staphylococci and

organisms that do not cause endocarditis.
TEE indicates transesophageal echocardiography; TTE, transthoracic echo-

cardiography.
Reprinted with permission from Clinical Infectious Diseases.35 Copyright

2000, The University of Chicago Press.
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When the original Duke criteria were used, 4 of the 20
patients were classified as having “possible IE.” When Q
fever serological results and a single blood culture positive
for C burnetii were considered to be a major criterion,
however, each of these 4 cases was reclassified from possible
IE to “definite IE.” On the basis of these data, specific
serological data as a surrogate marker for positive blood
cultures have now been included. An anti–phase I immuno-
globulin G antibody titer �1:800 or a single blood culture
positive for C burnetii should be major criteria in the
modified Duke schema.

Serological tests and polymerase chain reaction (PCR)–
based testing for other difficult-to-cultivate organisms, such
as Bartonella quintana or Tropheryma whippelii, also have
been discussed as future major criteria. At present, there are
significant methodological problems and uncertainties for
proposing antibody titers that are positive for Bartonella and
Chlamydia species or for PCR-based testing for T whippelii
as major criteria in the Duke schema. For example, endocar-
ditis infections caused by Bartonella and Chlamydia species
often are indistinguishable in serological test results because
of cross-reactions.37 PCR-based tests have low sensitivity
unless the tests are performed directly on cardiac valvular
tissue.38–40 Moreover, few centers provide timely PCR-based
testing for these rare causes of IE. Therefore, the inclusion of
such assays as major criteria should be deferred until the
serodiagnostic and PCR approaches can be standardized and
validated in a sufficient number of cases of these rare types of
IE, the aforementioned technical problems are resolved, and
the availability of such assays becomes more widespread.

The expansion of minor criteria to include elevated eryth-
rocyte sedimentation rate or C-reactive protein, the presence
of newly diagnosed clubbing, splenomegaly, and microscopic
hematuria also has been proposed. In a study of 100 consec-
utive cases of pathologically proven native valve IE, inclu-
sion of these additional parameters with the existing Duke
minor criteria resulted in a 10% increase in the frequency of
cases being deemed clinically definite, with no loss of
specificity. These additional parameters have not been for-
mally integrated into the modified Duke criteria, however.41

One minor criterion from the original Duke schema,
“echocardiogram consistent with IE but not meeting major
criterion,” has been reevaluated. This criterion originally was
used in cases in which nonspecific valvular thickening was
detected by transthoracic echocardiography (TTE). In a
reanalysis of patients in the Duke University database (con-
taining records collected prospectively on �800 cases of
definite and possible IE since 1984), this echocardiographic
criterion was used in only 5% of cases and was never used in
the final analysis of any patient who underwent transesoph-
ageal echocardiography (TEE). Therefore, this minor crite-
rion was eliminated in the modified Duke criteria.

Finally, adjustment of the Duke criteria to require a
minimum of 1 major and 1 minor criterion or 3 minor criteria
as a “floor” to designate a case as possible IE (as opposed to
“findings consistent with IE that fall short of ‘definite’ but not
‘rejected’”) has been incorporated into the modified criteria
to reduce the proportion of patients assigned to that category.
This approach was used in a series of patients initially

categorized as possible IE by the original Duke criteria. With
the guidance of the “diagnostic floor,” a number of these
cases were reclassified as “rejected” for IE.35 Follow-up in
these reclassified patients documented the specificity of this
diagnostic schema because no patients developed IE during
the subsequent 12 weeks.

Thus, on the basis of the weight of clinical evidence
involving nearly 2000 patients in the current literature, it
appears that patients suspected of having IE should be
clinically evaluated, with the modified Duke criteria as the
primary diagnostic schema. It should be pointed out that the
Duke criteria were primarily developed to facilitate epidemi-
ological and clinical research efforts so that investigators
could compare and contrast the clinical features and out-
comes of various case series of patients. Extending these
criteria to the clinical practice setting has been somewhat
more difficult. Because IE is a heterogeneous disease with
highly variable clinical presentations, the use of criteria alone
will never suffice. Criteria changes that add sensitivity often
do so at the expense of specificity and vice versa. The Duke
criteria are meant to be a clinical guide for diagnosing IE and
must not replace clinical judgment. Clinicians may appropri-
ately and wisely decide whether to treat or not treat an
individual patient, regardless of whether they meet or fail to
meet the criteria for definite or possible IE by the Duke
schema. We believe, however, that the modifications of the
Duke criteria (Tables 1A and 1B) will help investigators who
wish to examine the clinical and epidemiological features of
IE and will serve as a guide for clinicians struggling with
difficult diagnostic problems. These modifications require
further validation among patients who are hospitalized in
both community-based and tertiary care hospitals, with par-
ticular attention to longer-term follow-up of patients rejected
as having IE because they did not meet the minimal floor
criteria for possible IE.

The diagnosis of endocarditis must be made as soon as
possible to initiate therapy and identify patients at high risk
for complications who may be best managed by early surgery.
In cases with a high suspicion of endocarditis, based on either
the clinical picture or the patient’s risk factor profile, such as
injection drug use or a history of previous endocarditis, the
presumption of endocarditis often is made before blood
culture results are available. Identification of vegetations and
incremental valvular insufficiency with echocardiography
often completes the diagnostic criteria for IE and affects
duration of therapy. Although the use of case definitions to
establish a diagnosis of IE should not replace clinical judg-
ment,42 the recently modified Duke criteria35 have been
useful in both epidemiological and clinical trials and in
individual patient management. Clinical, echocardiographic,
and microbiological criteria (Tables 1A and 1B) are used
routinely to support a diagnosis of IE, and they do not rely on
histopathologic confirmation of resected valvular material or
arterial embolus. If suggestive features are absent, then a
negative echocardiogram may prompt a more thorough
search for alternative sources of fever and sepsis. In light of
these important functions, echocardiography should be per-
formed urgently in patients suspected of having endocarditis.
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Echocardiography
Echocardiography is central to the diagnosis and management
of patients with IE. As previously stated, echocardiographic
evidence of an oscillating intracardiac mass or vegetation, an
annular abscess, prosthetic valve partial dehiscence, and new
valvular regurgitation are major criteria in the diagnosis of IE.

Echocardiography should be performed in all cases of
suspected IE (Class I, Level of Evidence: A). Whether TTE or
TEE should be performed first depends on the clinical
scenario (Figure). If the clinical suspicion is relatively low or
imaging is likely to be of good quality (many children), then
it is reasonable to perform TTE. When imaging is difficult or
poor, TEE should be considered. If any circumstances pre-
clude securing optimal echocardiographic windows, includ-
ing chronic obstructive lung disease, previous thoracic sur-
gery, morbid obesity, or other conditions, then TEE should be
performed instead of TTE. If TTE is negative and clinical
suspicion remains low, then other clinical entities should be
considered. If TTE shows vegetations but the likelihood of
complications is low, then subsequent TEE is unlikely to alter
initial medical management. On the other hand, if clinical
suspicion of IE or its complications is high (prosthetic valve,
staphylococcal bacteremia, or new atrioventricular block),
then negative TTE will not definitely rule out IE or its
potential complications, and TEE should be performed first.
Investigation in adults has shown TEE to be more sensitive
than TTE for the detection of vegetations and abscesses.43 In
addition, in the setting of a prosthetic valve, transthoracic
images are greatly hampered by the structural components of
the prosthesis and are inadequate for assessment of the
perivalvar area where those infections often start.44 Although
cost-effectiveness calculations suggest that TEE should be
the first examination in adults with suspected IE (Table 2),
particularly in the setting of staphylococcal bacteremia,45,46

many patients are not candidates for immediate TEE because
of oral intake during the preceding 6 hours or because the
patients are in institutions that cannot provide 24-hour TEE
services. When TEE is not clinically possible or must be
delayed, early TTE should be performed without delay.

Although TTE will not definitively exclude vegetations or
abscesses, it will allow identification of very high-risk pa-
tients, establish the diagnosis in many, and guide early
treatment decisions.

Many findings identified by TEE also can be detected on
transthoracic views. Concurrent TTE images can serve as a
baseline for rapid and noninvasive comparison of vegetation
size, valvular insufficiency, or change in abscess cavities
during the course of the patient’s treatment should clinical
deterioration occur. Some findings, such as tricuspid vegeta-
tions or abnormalities of the right ventricular outflow tract,
may occasionally be better visualized with TTE than with
TEE.47

Both TEE and TTE may produce false-negative results if
vegetations are small or have already embolized.48 Even TEE
may miss initial perivalvular abscesses, particularly when the
study is performed early in the patient’s illness.49 In such
cases, the incipient abscess may be seen only as nonspecific
perivalvular thickening, which on repeat imaging across
several days may become recognizable as it expands and
cavitates. Similarly, perivalvular fistulae and pseudoaneu-
rysms develop over time, and negative early TEE images do
not exclude the potential for their development.

False-positive results from TEE or TTE studies may occur
when valvular abnormalities are seen that may not be related
to a current infection. Previous scarring, severe myxomatous
change, and even normal structures such as Lambl’s excres-
cences may be indistinguishable from active changes on the
valves. As echocardiographic technology improves, with
higher frequencies and refined beam-forming technology,
more subtle findings continue to be recognized and may add
to the category of indeterminate findings. One approach to
minimizing confusion from these structures is to exploit the
high frame rates that are often available with current equip-
ment to improve temporal resolution and clearly visualize
rapidly moving structures such as microcavitations from
prosthetic valves or fibrillar components.

Several echocardiographic features identify patients at high
risk for a complicated course or with a need for surgery

An approach to the diagnostic use of
echocardiography (echo). *High-risk
echocardiographic features include large
and/or mobile vegetations, valvular insuf-
ficiency, suggestion of perivalvular exten-
sion, or secondary ventricular dysfunc-
tion (see text). †For example, a patient
with fever and a previously known heart
murmur and no other stigmata of IE.
�High initial patient risks include pros-
thetic heart valves, many congenital
heart diseases, previous endocarditis,
new murmur, heart failure, or other stig-
mata of endocarditis. Rx indicates antibi-
otic treatment for endocarditis. Repro-
duced with permission from: Bayer AS,
Bolger AF, Taubert KA, Wilson W, Steck-
elberg J, Karchmer AW, Levison M,
Chambers HF, Dajani AS, Gewitz MH,
Newburger JW, Gerber MA, Shulman ST,
Pallasch TJ, Gage TW, Ferrieri P. Diag-
nosis and Management of Infective
Endocarditis and Its Complications. Cir-
culation. 1998;98:2936–2948.
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(Table 3). These features include large vegetations, severe
valvular insufficiency, abscess cavities or pseudoaneurysms,
valvular perforation or dehiscence, and evidence of decom-
pensated heart failure.16 The ability of echocardiographic
features to predict embolic events is limited.50–52 The greatest
risk appears to occur with large vegetations (�10 mm in
diameter) on the anterior mitral leaflet.53 Vegetation size and
mobility must be taken into account, along with bacteriologic
factors and other indications for surgery, when considering
early surgery to avoid embolization.54

Repeat Echocardiography
If the initial TTE images are negative and the diagnosis of IE
is still being considered, then TEE should be performed as
soon as possible (Table 2; Class I, Level of Evidence: A).
Among patients with an initial positive TTE and a high risk
for cardiac complications including perivalvular extension of
infection, TEE should be obtained as soon as possible (Class
I, Level of Evidence: A). Repeating TEE 7 to 10 days after an
initial “negative” result is often advisable (Class I, Level of
Evidence: B) when clinical suspicion of IE persists.55 In some
cases, vegetations may reach detectable size in the interval, or
abscess cavities or fistulous tracts may become clear. An
interval increase in vegetation size on serial echocardiogra-
phy despite the administration of appropriate antibiotic ther-
apy has serious implications and has been associated with an
increased risk of complications and the need for surgery.55

Repeat TEE also may be useful when a patient with an
initially positive TEE develops worrisome clinical features
during antibiotic therapy (Class I, Level of Evidence: A).
Unexplained progression of heart failure symptoms, change
in cardiac murmurs, and new atrioventricular block or ar-
rhythmia should prompt emergent evaluation by TEE if
possible or by TTE if necessary to minimize delay.

Intraoperative Echocardiography
Preoperative surgical planning for patients with IE will
benefit from echocardiographic delineation of the mecha-
nisms of valvular dysfunction or regions of myocardial
disruption (Table 3). The use of aortic homografts is facili-
tated by preoperative estimates of annular size, which allow
the selection of appropriately sized donor tissues.56,57 Intra-
operatively, echocardiographic goals include assessment of
not only the obviously dysfunctional valve but also the other
valves and contiguous structures. Post–cardiopulmonary by-
pass images should confirm the adequacy of the repair or
replacement and document the successful closure of fistulous
tracts. Perivalvular leaks related to technical factors should be
recognized and documented to avoid later confusion about
whether the leaks are the result of recurrent infection. During
postpump imaging, it is often necessary to augment afterload
to reach representative ambulatory levels to avoid underesti-
mation of regurgitant jet size and significance and to ensure
that abnormal communications have been closed.58 Afterload
augmentation, however, may not mimic actual awake physi-
ology and may still lead occasionally to an inaccurate
evaluation of the awake postoperative state.

Echocardiography at Completion of Therapy
All patients who have experienced an episode of endocarditis
remain at high risk for recurrent infection indefinitely. It is
extremely important for the future care of these patients to
establish a new baseline for valvular morphology, including the
presence of vegetations, ventricular function, and valvular insuf-
ficiency once treatment has been completed. Documentation of
heart rate, heart rhythm, and blood pressure at the time of
echocardiographic study is important because changes in these
conditions may explain future differences in valvular insuffi-
ciency independent of pathology (Table 2). TTE is preferable
(Class IIb, Level of Evidence: C) for this because measurements
of vegetation size are more reproducible and spectral Doppler
interrogation often is more thorough than TEE. TEE, however,
may be merited to define the new baseline in some patients with
poor acoustic windows or complicated anatomy, such as after
extensive debridement and reconstruction. Although intraopera-
tive postpump TEE views may be adequate for this new
baseline, they should be reviewed for adequacy and repeated if
necessary. Some patients will have valvular dysfunction at the
end of otherwise successful treatment; clearly, they will require
eventual surgery. Posttreatment echocardiography can guide
both medical management and the discussion of the appropriate
timing of the intervention.

Antimicrobial Therapy
Antimicrobial Treatment Perspectives
Results of clinical efficacy studies support the use of most
treatment regimens described in these guidelines (Class I,

TABLE 2. Use of Echocardiography During Diagnosis and
Treatment of Endocarditis

Early

Echocardiography as soon as possible (�12 h after initial evaluation)

TEE preferred; obtain TTE views of any abnormal findings for later
comparison

TTE if TEE is not immediately available

TTE may be sufficient in small children

Repeat echocardiography

TEE after positive TTE as soon as possible in patients at high risk for
complications

TEE 7–10 d after initial TEE if suspicion exists without diagnosis of IE or
with worrisome clinical course during early treatment of IE

Intraoperative

Prepump

Identification of vegetations, mechanism of regurgitation, abscesses,
fistulas, and pseudoaneurysms

Postpump

Confirmation of successful repair of abnormal findings

Assessment of residual valve dysfunction

Elevated afterload if necessary to avoid underestimating valve
insufficiency or presence of residual abnormal flow

Completion of therapy

Establish new baseline for valve function and morphology and ventricular
size and function

TTE usually adequate; TEE or review of intraoperative TEE may be needed
for complex anatomy to establish new baseline

TEE indicates transesophageal echocardiography; TTE, transthoracic echo-
cardiography.

e400 Circulation June 14, 2005

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


Level of Evidence: A). Other recommendations (Class IIa,
Level of Evidence: C) listed herein are based largely on in
vitro data and consensus opinion and include the following 3
criteria. First, the counting of days of recommended duration
of therapy should begin on the first day on which blood
cultures were negative in cases in which blood cultures were
initially positive. At least 2 sets of blood cultures should be
obtained every 24 to 48 hours until bloodstream infection is
cleared. Second, for patients with native valve endocarditis
who undergo valve resection with prosthetic valve replace-
ment, the postoperative treatment regimen should be one that
is recommended for prosthetic valve treatment rather than
one that is recommended for native valve treatment. If the
resected tissue is culture positive, then an entire course of
antimicrobial therapy is recommended after valve resection.
If the resected tissue is culture negative, then the recom-
mended duration of prosthetic valve treatment should be
given less the number of days of treatment administered for
native valve infection before valve replacement. Third, in
regimens that contain combination antimicrobial therapy, it is
important to administer agents at the same time or temporally
close together to maximize the synergistic killing effect on an
infecting pathogen.

Overview of Viridans Group Streptococci,
Streptococcus bovis, Abiotrophia defectiva,
Granulicatella Species, and Gemella Species
Viridans group streptococci, or �-hemolytic streptococci, are
common etiologic agents that are the cause of community-
acquired native valve endocarditis in patients who are not
intravenous drug users (IDUs). The taxonomy of viridans
group streptococci is evolving. The species that most com-
monly cause endocarditis are S sanguis, S oralis (mitis), S
salivarius, S mutans, and Gemella morbillorum (formerly
called S morbillorum). Members of the S anginosus group (S
intermedius, anginosus, and constellatus) also have been
referred to as the S milleri group, and this has caused some
confusion. In contrast to other �-hemolytic streptococcal
species, the S anginosus group tends to form abscesses and
cause hematogenously disseminated infection (eg, myocar-
dial and visceral abscesses, septic arthritis, vertebral osteo-
myelitis). Consequently, the duration of antimicrobial treat-
ment of endocarditis caused by these organisms may need to
be longer than that for endocarditis caused by other
�-hemolytic streptococci. In addition, although the S inter-
medius group usually is sensitive to penicillin, some strains
may exhibit variable penicillin resistance. Species of Gemella
(morbillorum, bergeriae, sanguinis, and hemolysans) share
some physiological characteristics with nutritionally variant
streptococci, and endocarditis caused by these organisms
should be treated with more aggressive combination therapy
such as that used for nutritionally variant streptococcal
endocarditis (see below). The recommendations that follow
are intended to assist clinicians in selecting appropriate
antimicrobial therapy for patients with endocarditis caused by
viridans group streptococci and S bovis (a nonenterococcal
penicillin-susceptible group D streptococcus). S bovis ex-
presses the group D antigen, but it can be distinguished from
group D Enterococcus by appropriate biochemical tests.

Patients with either S bovis bacteremia or endocarditis should
undergo colonoscopy to determine whether malignancy or
other mucosal lesions are present.

Certain viridans group streptococci have biological char-
acteristics that may complicate diagnosis and therapy. Some
strains, such as the newly named Abiotrophia defectiva and
Granulicatella species (G elegans, G adiacens, G paraadia-
cens, and G balaenopterae; formerly known as nutritionally
variant streptococci), have nutritional deficiencies that hinder
their growth in routine laboratory culture media. Such organ-
isms may require broth supplemented with pyridoxal hydro-
chloride or cysteine. In addition, some strains of viridans
group streptococci may exhibit a laboratory phenomenon
called “penicillin tolerance.” For tolerant strains, the mini-
mum bactericidal concentration (MBC) of penicillin greatly
exceeds the minimum inhibitory concentration (MIC) (usu-
ally by �32-fold). These strains are killed more slowly by
penicillin in animal models of endocarditis.59 There are no
published data on the influence of tolerance on the outcome
of endocarditis in humans, however, and we believe that
laboratory demonstration of tolerance has no implication for
the selection of antimicrobial therapy for endocarditis result-
ing from viridans group streptococci. Accordingly, the deter-
mination of MBC for these microorganisms is not routinely
recommended (Class IIa, Level of Evidence: C).

It should be noted that treatment regimens outlined for
viridans group streptococci, S bovis, A defectiva, Granulica-
tella species, and Gemella species are subdivided into cate-
gories based on penicillin MIC data. These subdivisions are
not based on Clinical and Laboratory Standards Institute
(CLIS, formally known as the National Committee for
Clinical Laboratory Standards, or NCCLS) recommended
break points that are used to define penicillin susceptibility.

TABLE 3. Echocardiographic Features That Suggest Potential
Need for Surgical Intervention

Vegetation

Persistent vegetation after systemic embolization

Anterior mitral leaflet vegetation, particularly with size �10 mm*

�1 embolic events during first 2 wk of antimicrobial therapy*

Increase in vegetation size despite appropriate antimicrobial therapy*†

Valvular dysfunction

Acute aortic or mitral insufficiency with signs of ventricular failure†

Heart failure unresponsive to medical therapy†

Valve perforation or rupture†

Perivalvular extension

Valvular dehiscence, rupture, or fistula†

New heart block†‡

Large abscess or extension of abscess despite appropriate antimicrobial
therapy†

See text for more complete discussion of indications for surgery based on
vegetation characterizations.

*Surgery may be required because of risk of embolization.
†Surgery may be required because of heart failure or failure of medical

therapy.
‡Echocardiography should not be the primary modality used to detect or

monitor heart block.
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Highly Penicillin-Susceptible Viridans Group
Streptococci and S bovis (MIC <0.12 �g/mL)
Bacteriologic cure rates �98% may be anticipated in patients
who complete 4 weeks of therapy with parenteral penicillin or
ceftriaxone for endocarditis caused by highly penicillin-
susceptible viridans group streptococci or S bovis.60,61 Ampicil-
lin is an alternative to penicillin and has been used when
penicillin is not available because of supply deficiencies. The
addition of gentamicin sulfate to penicillin exerts a synergistic
killing effect in vitro on viridans group streptococci and S bovis.
The combination of penicillin or ceftriaxone together with
gentamicin results in synergistic killing in vivo in animal models
of viridans group streptococcal or S bovis experimental
endocarditis.

In selected patients, treatment with a 2-week regimen with
either penicillin or ceftriaxone combined with an aminoglyco-
side resulted in cure rates that are similar to those after
monotherapy with penicillin or ceftriaxone administered for 4
weeks.61,62 Studies performed in Europe, South America, and the

United States demonstrated that the combination of once-daily
ceftriaxone with either netilmicin or gentamicin administered
once daily was equivalent in efficacy to 2 weeks of therapy with
penicillin together with an aminoglycoside administered in daily
divided doses.62,63 The 2-week regimen of penicillin or ceftriax-
one combined with single daily-dose gentamicin is appropriate
for uncomplicated cases of endocarditis caused by highly
penicillin-susceptible viridans group streptococci or S bovis in
patients at low risk for adverse events caused by gentamicin
therapy (Table 4). This 2-week regimen is not recommended for
patients with known extracardiac infection or those with a
creatinine clearance of �20 mL/min.

Although the two 4-week �-lactam–containing regimens
shown in Table 4 produce similar outcomes, each regimen has
advantages and disadvantages. Monotherapy with either penicil-
lin or ceftriaxone for 4 weeks avoids the use of gentamicin,
which is potentially ototoxic and nephrotoxic. Compared with
penicillin, the advantage of once-daily ceftriaxone is its simplic-
ity for use in therapy administered to outpatients.60,64

TABLE 4. Therapy of Native Valve Endocarditis Caused by Highly Penicillin-Susceptible Viridans Group Streptococci and
Streptococcus bovis

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

Aqueous crystalline
penicillin G sodium

12–18 million U/24 h IV either continuously or
in 4 or 6 equally divided doses

4 IA Preferred in most patients �65 y or patients with
impairment of 8th cranial nerve function or renal
functionor

Ceftriaxone sodium 2 g/24 h IV/IM in 1 dose 4 IA

Pediatric dose†: penicillin 200 000 U/kg per 24
h IV in 4–6 equally divided doses; ceftriaxone
100 mg/kg per 24 h IV/IM in 1 dose

Aqueous crystalline
penicillin G sodium

12–18 million U/24 h IV either continuously or
in 6 equally divided doses

2 IB 2-wk regimen not intended for patients with known
cardiac or extracardiac abscess or for those with
creatinine clearance of �20 mL/min, impaired 8th
cranial nerve function, or Abiotrophia, Granulicatella,
or Gemella spp infection; gentamicin dosage should
be adjusted to achieve peak serum concentration of
3–4 �g/mL and trough serum concentration of �1
�g/mL when 3 divided doses are used; nomogram
used for single daily dosing§

or

Ceftriaxone sodium 2 g/24 h IV/IM in 1 dose 2 IB

plus

Gentamicin sulfate‡ 3 mg/kg per 24 h IV/IM in 1 dose 2

Pediatric dose: penicillin 200 000 U/kg per 24
h IV in 4–6 equally divided doses; ceftriaxone
100 mg/kg per 24 h IV/IM in 1 dose;
gentamicin 3 mg/kg per 24 h IV/IM in 1 dose
or 3 equally divided doses�

Vancomycin hydrochloride¶ 30 mg/kg per 24 h IV in 2 equally divided
doses not to exceed 2 g/24 h unless
concentrations in serum are inappropriately low

4 IB Vancomycin therapy recommended only for
patients unable to tolerate penicillin or ceftriaxone;
vancomycin dosage should be adjusted to obtain
peak (1 h after infusion completed) serum
concentration of 30–45 �g/mL and a trough
concentration range of 10–15 �g/mL

Pediatric dose: 40 mg/kg per 24 h IV in 2–3
equally divided doses

Minimum inhibitory concentration �0.12 �g/mL.
*Dosages recommended are for patients with normal renal function.
†Pediatric dose should not exceed that of a normal adult.
‡Other potentially nephrotoxic drugs (eg, nonsteroidal antiinflammatory drugs) should be used with caution in patients receiving gentamicin therapy. Although it

is preferred that gentamicin (3 mg/kg) be given as a single daily dose to adult patients with endocarditis due to viridans group streptococci, as a second option,
gentamicin can be administered daily in 3 equally divided doses.

§See reference 280 in full statement. Although this reference outlines dosing for gentamicin use at 7 mg/kg/dose for treatment in other types of infection
syndromes, the nomogram was selected as an example for use with gentamicin dosing of 3 mg/kg/dose in this table to direct dosing in patients with underlying renal
dysfunction. Currently, there is no other formal address of drug concentration monitoring with this gentamicin dosage.

�Data for once-daily dosing of aminoglycosides for children exist, but no data for treatment of IE exist.
¶Vancomycin dosages should be infused during course of at least 1 h to reduce risk of histamine-release “red man” syndrome.
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For patients who are unable to tolerate penicillin or
ceftriaxone, vancomycin is the most effective alternative.
Prolonged intravenous use of vancomycin may be compli-
cated by thrombophlebitis, rash, fever, anemia, thrombocyto-
penia, and, rarely, ototoxic reactions. Vancomycin should be
infused for �1 hour to reduce the risk of the histamine
release–associated “red man” syndrome.

Viridans Group Streptococci and S bovis With
Penicillin MIC >0.12 to <0.5 �g/mL
Penicillin resistance in vitro is increasing in frequency among
strains of viridans group streptococci and S bovis. Table 5 shows
regimens recommended for native valve endocarditis caused by
relatively penicillin-resistant strains (MIC �0.12 to �0.5 �g/
mL). For patients with viridans group streptococcal or S bovis
endocarditis, penicillin or ceftriaxone should be administered for
4 weeks together with single daily-dose gentamicin for the first
2 weeks of treatment.

Abiotrophia defectiva and Granulicatella Species,
Gemella Species, and Viridans Group Streptococci
With Penicillin MIC >0.5 �g/mL
The determination of antimicrobial susceptibilities of A de-
fectiva, Granulicatella species (formerly known as nutrition-
ally variant streptococci), and Gemella species is often
technically difficult, and the results may not be accurate.
Moreover, endocarditis caused by these microorganisms has
been more difficult to cure microbiologically than has endocar-
ditis caused by a strain of non-nutritionally variant group
viridans streptococci.65 For these reasons, patients with endocar-
ditis caused by A defectiva, Granulicatella species, and Gemella
species should be treated with a regimen that is recommended
for enterococcal endocarditis (Table 9). Patients with endocar-

ditis caused by a microorganism with an MIC to penicillin �0.5
�g/mL should be treated with a regimen recommended for
enterococcal endocarditis (Table 9). When vancomycin is the
chosen antibiotic, the addition of gentamicin is not necessary.

Endocarditis of Prosthetic Valves or Other
Prosthetic Material Caused by Viridans Group
Streptococci and S bovis
Patients with endocarditis complicating prosthetic valves or
other prosthetic material caused by a highly penicillin-
susceptible strain (MIC �0.12 �g/mL) should receive 6
weeks of therapy with penicillin or ceftriaxone with or
without gentamicin for the first 2 weeks (Table 6). Endocar-
ditis caused by a strain that is relatively or highly resistant to
penicillin (MIC �0.12 �g/mL) should receive 6 weeks of
therapy with a combination of penicillin or ceftriaxone
together with gentamicin. Vancomycin therapy is recom-
mended only for patients who are unable to tolerate penicillin
or ceftriaxone.

S pneumoniae, S pyogenes, and Groups B, C,
and G Streptococci
Endocarditis caused by these streptococci is relatively un-
common. There are few published reports of large series of
cases evaluating therapeutic regimens for endocarditis caused
by these microorganisms. When S pneumoniae is recovered
from a patient with endocarditis, the organism should be
tested for penicillin susceptibility. Patients with endocarditis
caused by highly penicillin-susceptible S pneumoniae should
receive 4 weeks of antimicrobial therapy with penicillin,
cefazolin, or ceftriaxone. Vancomycin should be adminis-
tered only to patients who are unable to tolerate �-lactam
therapy. Increasingly, S pneumoniae with intermediate peni-

TABLE 5. Therapy of Native Valve Endocarditis Caused by Strains of Viridans Group Streptococci and Streptococcus bovis Relatively
Resistant to Penicillin

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

Aqueous crystalline
penicillin G sodium

24 million U/24 h IV either continuously or in 4–6
equally divided doses

4 IB Patients with endocarditis caused by
penicillin-resistant (MIC �0.5 �g/mL)
strains should be treated with regimen
recommended for enterococcal
endocarditis (see Table 9)

or

Ceftriaxone sodium 2 g/24 h IV/IM in 1 dose 4 IB

plus

Gentamicin sulfate† 3 mg/kg per 24 h IV/IM in 1 dose 2

Pediatric dose‡: penicillin 300 000 U/24 h IV in
4–6 equally divided doses; ceftriaxone 100 mg/kg
per 24 h IV/IM in 1 dose; gentamicin 3 mg/kg per
24 h IV/IM in 1 dose or 3 equally divided doses

Vancomycin hydrochloride‡ 30 mg/kg per 24 h IV in 2 equally divided doses
not to exceed 2 g/24 h, unless serum
concentrations are inappropriately low

4 IB Vancomycin§ therapy recommended
only for patients unable to tolerate
penicillin or ceftriaxone therapy

Pediatric dose: 40 mg/kg 24 h in 2 or 3 equally
divided doses

Minimum inhibitory concentration (MIC) �0.12 �g/mL–�0.5 �g/mL.
*Dosages recommended are for patients with normal renal function.
†See Table 4 for appropriate dosage of gentamicin. Although it is preferred that gentamicin (3 mg/kg) be given as a single daily dose to adult patients with

endocarditis due to viridans group streptococci, as a second option, gentamicin can be administered daily in 3 equally divided doses.
‡Pediatric dose should not exceed that of a normal adult.
§See Table 4 for appropriate dosage of vancomycin.

Baddour et al Infective Endocarditis: Diagnosis and Management e403

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


cillin resistance (MIC �0.1 to 1.0 �g/mL) or high penicillin
resistance (MIC �2.0 �g/mL) is being recovered from
patients with bacteremia.66 Moreover, cross-resistance of
pneumococci to other antimicrobial agents, such as cephalo-
sporins, macrolides, fluoroquinolones, carbapenems, and
even vancomycin, is increasing in frequency. In one multi-
center study67 with a relatively large (n�24) number of
patients with IE caused by S pneumoniae resistant to penicil-
lin (MIC 0.1 to 4 �g/mL), patients were evaluated and
compared with 39 patients who were infected with penicillin-
susceptible strains. Several observations were made. Infec-
tion by penicillin-resistant strains did not worsen prognosis.
High-dose penicillin or a third-generation cephalosporin can
be used in patients with penicillin-resistant infection and
without meningitis. In patients with IE and meningitis, high
doses of cefotaxime may be used. If the isolate is resistant
(MIC �2 �g/mL) to cefotaxime, then the addition of vanco-
mycin and rifampin should be considered. Of course, these
findings are based on current levels of resistance, and
increasing MICs could dictate revisions in future treatment
selections. Accordingly, the treatment of patients with pneu-
mococcal endocarditis should be coordinated in consultation
with an infectious diseases specialist.

Results of logistic regression analysis of clinical variables
from cases of pneumococcal endocarditis demonstrate the
potential value of valve replacement in preventing early
death. The increased number of patients undergoing valve
replacement surgery surveyed in a multicenter study from
France68 may account in part for the improved outcome in
recent years.

Aqueous crystalline penicillin G administered intrave-
nously (IV) for 4 weeks is the recommended treatment, based
on limited published data for the treatment of endocarditis
caused by S pyogenes. Cefazolin or ceftriaxone is an accept-
able alternative to penicillin. Vancomycin therapy should be
administered only to patients who are unable to tolerate a
�-lactam antibiotic. In general, strains of group B, C, and G
streptococci are slightly more resistant to penicillin than are
strains of group A streptococci. Some authorities recommend
the addition of gentamicin to penicillin or a cephalosporin for
at least the first 2 weeks of a 4- to 6-week course of
antimicrobial therapy for group B, C, and G streptococcal
IE.69,70 There is a clinical impression71,72 that early cardiac
surgery intervention has improved overall survival rates
among more recently treated patients with �-hemolytic strep-
tococcal endocarditis as compared with patients treated de-
cades ago. Because of the relative infrequency of endocarditis
caused by these microorganisms, consultation with an infec-
tious diseases specialist for the treatment of these patients is
recommended.

Staphylococci
IE may be caused by staphylococci that are coagulase
positive (S aureus) or coagulase negative (S epidermidis and
various other species). Traditionally, it has been believed that
coagulase-positive staphylococci cause primarily native valve
endocarditis, whereas coagulase-negative staphylococci
(CoNS) are thought to cause primarily prosthetic valve
endocarditis, but considerable overlap exists. For example, in

a recent multicenter, prospective, observational investigation
involving �1000 consecutive patients with definite IE from
�20 countries, S aureus was the most common cause of
prosthetic valve IE (25.8% of 214 cases), whereas 64 (8%)
cases of native valve endocarditis resulted from CoNS.73

Thus, it is important to consider both pathogens when a
patient with suspected endocarditis has a preliminary blood
culture that suggests staphylococci by Gram’s stain
interpretation.

S aureus
S aureus is the most common cause of IE in much of the
developed world.74 This increase is primarily a consequence
of healthcare contact (eg, intravascular catheters, surgical
wounds, indwelling prosthetic devices).73–76 Increasing rates
of oxacillin resistance in both hospital and community set-
tings and the recovery of clinical S aureus isolates both
partially77 and fully78 resistant to vancomycin have compli-
cated the treatment of S aureus endocarditis. In nonaddicts,
endocarditis arising from S aureus primarily involves the left
side of the heart and is associated with mortality rates ranging
from 25% to 40%. S aureus endocarditis in IDUs often
involves the tricuspid valve. Cure rates for right-sided S
aureus endocarditis in IDUs are high (�85%) and may be
achieved with relatively short courses of treatment (�4
weeks; see below).

Coagulase-Negative Staphylococci
Although CoNS are one of the most common causes of
prosthetic valve endocarditis,79 the role of CoNS as pathogens
on native valves is well documented.80–82 Most of the patients
with native valve endocarditis had documented underlying
valvular abnormalities, particularly mitral valve prolapse.
Their clinical course is typically indolent with a satisfactory
response to medical or surgical therapy.

An important subset of patients with CoNS IE has been
identified recently: those with infection caused by S lug-
dunensis. This species of CoNS tends to cause a substantially
more virulent form of IE, with a high rate of perivalvular
extension of infection and metastatic infection. This organism
is uniformly susceptible in vitro to most antibiotics.83–89 Most
experts recommend that endocarditis caused by this organism
be treated with standard regimens based on the in vitro
susceptibility profiles of the strain. The patient also should be
monitored carefully for the development of periannular ex-
tension or extracardiac spread of infection. The microbiolog-
ical differentiation of S lugdunensis from other CoNS may be
difficult,89 and many laboratories do not have the capability to
assign species identification to CoNS isolates.

Endocarditis Caused by Staphylococci in the
Absence of Prosthetic Valves

Right-Sided Endocarditis in IDUs
The addition of gentamicin to nafcillin accelerates the killing
of methicillin-susceptible staphylococci in vitro. In experi-
mentally induced cardiac vegetations, the data support the use
of combined gentamicin-nafcillin therapy in humans with
right-sided IE. For example, in IDUs with uncomplicated
right-sided S aureus endocarditis (no evidence of renal

e404 Circulation June 14, 2005

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


failure, extrapulmonary metastatic infections, aortic or mitral
valve involvement, meningitis, or infection by oxacillin-re-
sistant S aureus, or ORSA), combined �-lactam-
aminoglycoside short-course (2 weeks) therapy was effective
in several studies.90–94 In one study,92 such combination
therapy had excellent efficacy in HIV-infected patients (most
with CD4 counts �300 �106 cells) and in those who had
large tricuspid valve vegetations (�10 mm in diameter). A
more recent study showed that a 2-week monotherapy regi-
men of cloxacillin was equivalent to that of cloxacillin plus
gentamicin administered for 2 weeks.93 By contrast, glyco-
peptide (teicoplanin or vancomycin) plus gentamicin-based
short-course regimens appeared to be less effective for
right-sided S aureus IE caused by either oxacillin-susceptible
S aureus (OSSA) or ORSA strains.92 These glycopeptides
may be less effective because of limited bactericidal activity,
poor penetration into vegetations, and increased drug clear-
ance among IDUs.95 Thus, the weight of evidence suggests
that parenteral �-lactam short-course therapy, with or without
aminoglycoside, is adequate for the treatment of uncompli-
cated OSSA right-sided IE. In contrast, glycopeptide therapy
(with or without adjunctive gentamicin) often requires more
prolonged treatment regimens.

In patients who will not comply with a course of parenteral
antibiotic therapy, oral treatment may be an option. Two
studies have evaluated the use of predominantly oral 4-week
antibiotic regimens (ciprofloxacin plus rifampin) for the
therapy of uncomplicated right-sided S aureus endocarditis in
IDUs.96,97 In each study, including one in which �70% of
patients were HIV-seropositive,97 cure rates were �90%.

Endocarditis in Non-IDUs
Anecdotal case reports in nonaddicts with staphylococcal
endocarditis suggest that the use of gentamicin-nafcillin
therapy may be of benefit in patients who fail to respond to
monotherapy with nafcillin.98 This issue was addressed in a
multicenter prospective trial comparing nafcillin alone for 6
weeks with nafcillin plus gentamicin (for the initial 2 weeks)
in the treatment of predominantly left-sided endocarditis
caused by S aureus.99 Nafcillin-gentamicin therapy reduced
the duration of bacteremia by �1 day as compared with
nafcillin monotherapy. The combination therapy did not
reduce mortality or the frequency of cardiac complications,
however, but it did result in an increased frequency of
gentamicin-associated nephrotoxicity. Many authorities thus
recommend the use of combination therapy for the first 3 to
5 days of therapy for left-sided S aureus endocarditis,
especially in fulminant cases (Table 7). Experience to date
with gentamicin in the treatment of left-sided native valve S
aureus endocarditis has involved multiple daily-dosing
schedules. Thus, pending further clinical data, when genta-
micin is used for this indication, it should be administered
whenever possible in a 2- or 3-times-daily dosing schedule,
with a total daily gentamicin dose not to exceed 3 mg/kg in
patients with normal renal function. Gentamicin therapy
should be discontinued after the first 3 to 5 days of therapy.

Thus, in summary, for both right- and left-sided S aureus
endocarditis, there is little compelling evidence that adjunc-
tive gentamicin therapy, especially beyond 3 to 5 days,

confers additional clinical benefit100 and is optional. Rarely,
staphylococci are susceptible to penicillin and do not produce
�-lactamase; these patients may be treated with penicillin.

There are no evidence-based data that demonstrate the
most appropriate duration of nafcillin therapy for treatment of
left-sided native valve IE caused by OSSA. For patients with
uncomplicated infection, 4 weeks of therapy should be
sufficient. For patients with complications of IE, such as
perivalvular abscess formation and septic metastatic compli-
cations, 6 weeks of nafcillin should be administered.

Therapy for staphylococcal endocarditis in patients truly
unable to tolerate a �-lactam is problematic. A recent deci-
sion analysis concluded that patients with a questionable
history of immediate-type hypersensitivity to penicillin and
endocarditis caused by oxacillin-sensitive S aureus should be
skin tested before starting antibiotic therapy.101 A first-
generation cephalosporin is recommended in patients with
nonanaphylactoid penicillin allergies (eg, simple skin rash).
Although cefazolin may be more susceptible to �-lactamase–
mediated hydrolysis than nafcillin102 and less effective in the
treatment of OSSA experimental endocarditis,103 the clinical
significance of these observations is unknown, and many
experts regularly use cefazolin in S aureus IE. Vancomycin
therapy is recommended for S aureus endocarditis in patients
with anaphylactoid �-lactam allergies; however, recent stud-
ies reported suboptimal outcomes with vancomycin therapy
for serious S aureus infections.104–107 Clindamycin was used
to treat �60 cases of staphylococcal endocarditis in 1 study
but was associated with an unacceptable rate of relapse, and
its use is not routinely recommended (Class III, Level of
Evidence: B).108 For OSSA endocarditis in patients with
anaphylactoid-type �-lactam allergy who exhibit either a
suboptimal response to vancomycin or vancomycin allergy,
�-lactam desensitization should be considered.109

Most CoNS and an increasing percentage of S aureus
strains are resistant to oxacillin. These resistant organisms are
particularly prominent among patients with healthcare-
associated staphylococcal endocarditis. Caution must be ex-
ercised in interpreting the results of antimicrobial suscepti-
bility testing because some systems fail to detect oxacillin
resistance, particularly among CoNS. Oxacillin-resistant
strains also are clinically resistant to cephalosporins and
carbapenems, although this fact is not always reflected
accurately in the results of standard in vitro tests.

Endocarditis caused by oxacillin-resistant staphylococci
should be treated with vancomycin. With the burgeoning
frequency of serious community-onset ORSA infec-
tions,110,111 it is anticipated that the incidence of endocarditis
caused by such strains also will rapidly increase. Skin and
soft-tissue infections caused by such strains have excellent
clinical outcomes when treated with trimethoprim-
sulfamethoxazole; however, clinical experiences with this
agent (with or without rifampin) for endocarditis caused by
such strains are limited to date. Moreover, increasing drug
resistance to agents other than oxacillin has been witnessed
recently among community-acquired ORSA strains. Thera-
peutic options for patients who cannot tolerate vancomycin
are limited. At present, trimethoprim-sulfamethoxazole,
doxycycline or minocycline (either with or without rifampin),
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and linezolid are reasonable alternatives for susceptible
strains in this difficult clinical situation. Limited experimental
data112 and published clinical experience113 exist for
doxycycline-minocycline. Markowitz et al114 have reported
the efficacy of trimethoprim-sulfamethoxazole in invasive
ORSA infections. Treatment failures of S aureus with lin-
ezolid have been described in both animal models115 and
patients,116–118 and the risk for linezolid-induced myelosup-
pression increases with prolonged (�2 weeks) administra-
tion.119 The roles of quinupristin-dalfopristin and dapto-
mycin in the treatment of staphylococcal endocarditis are
not clearly defined. The putative role of supplemental
gentamicin therapy in native valve endocarditis caused by
oxacillin-resistant staphylococci is similar to that outlined
earlier for oxacillin-sensitive staphylococci. Many strains
of ORSA also are resistant to aminoglycosides. In addi-
tion, there is a potential for the development of synergistic
nephrotoxic and ototoxic effects of vancomycin-
aminoglycoside combination without bona fide clinical

evidence of enhanced efficacy.120 Thus, if gentamicin is
used, its use should be limited to no more than the initial
3 to 5 days of therapy and restricted to patients with
endocarditis caused by aminoglycoside-susceptible strains.

Although most staphylococci are highly susceptible to
rifampin, resistance develops rapidly when this agent is
used alone. The in vivo efficacy of rifampin in combina-
tion with nafcillin, oxacillin, vancomycin, trimethoprim-
sulfamethoxazole, or aminoglycosides is highly variable.
Routine use of rifampin is not recommended for treatment
of native valve staphylococcal endocarditis (Class IIa,
Level of Evidence: C). Rifampin has been suggested as
supplemental therapy in patients who do not respond
adequately to conventional antimicrobial therapy. Of note,
a prospective trial in patients with endocarditis caused by
ORSA failed to demonstrate that the addition of rifampin
to vancomycin either enhanced survival or reduced the
duration of bacteremia as compared with treatment with
vancomycin alone.106

TABLE 6. Therapy for Endocarditis of Prosthetic Valves or Other Prosthetic Material Caused by Viridans Group Streptococci and
Streptococcus bovis

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

Penicillin-susceptible strain (minimum inhibitory concentration <0.12 �g/mL)

Aqueous crystalline
penicillin G sodium

24 million U/24 h IV either continuously or in 4–6
equally divided doses

6 IB Penicillin or ceftriaxone together with
gentamicin has not demonstrated superior
cure rates compared with monotherapy with
penicillin or ceftriaxone for patients with
highly susceptible strain; gentamicin therapy
should not be administered to patients with
creatinine clearance of �30 mL/min

or

Ceftriaxone 2 g/24 h IV/IM in 1 dose 6 IB

with or without

Gentamicin sulfate† 3 mg/kg per 24 h IV/IM in 1 dose 2

Pediatric dose‡: penicillin 300 000 U/kg per 24 h
IV in 4–6 equally divided doses; ceftriaxone 100
mg/kg IV/IM once daily; gentamicin 3 mg/kg per
24 h IV/IM, in 1 dose or 3 equally divided doses

Vancomycin
hydrochloride§

30 mg/kg per 24 h IV in 2 equally divided doses 6 IB Vancomycin therapy recommended only for
patients unable to tolerate penicillin or
ceftriaxonePediatric dose: 40 mg/kg per 24 h IV or in 2 or 3

equally divided doses

Penicillin relatively or fully resistant strain (minimum inhibitory concentration >0.12 �g/mL)

Aqueous crystalline
penicillin sodium

24 million U/24 h IV either continuously or in 4–6
equally divided doses

6 IB

or

Ceftriaxone 2 g/24 h IV/IM in 1 dose 6 IB

plus

Gentamicin sulfate 3 mg/kg per 24 h IV/IM in 1 dose 6

Pediatric dose: penicillin 300 000 U/kg per 24 h IV
in 4–6 equally divided doses

Vancomycin
hydrochloride

30 mg/kg per 24 h IV in 2 equally divided doses 6 IB Vancomycin therapy is recommended only
for patients unable to tolerate penicillin or
ceftriaxonePediatric dose: 40 mg/kg per 24 h IV in 2 or 3

equally divided doses

*Dosages recommended are for patients with normal renal function.
†See Table 4 for appropriate dosage of gentamicin. Although it is preferred that gentamicin (3 mg/kg) be given as a single daily dose to adult patients with

endocarditis due to viridans group streptococci, as a second option, gentamicin can be administered daily in 3 equally divided doses.
‡Pediatric dose should not exceed that of a normal adult.
§See text and Table 4 for appropriate dosage of vancomycin.
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“Tolerance” of �-lactam antibiotics and vancomycin
(MBC �32 � MIC) among staphylococci has been widely
reported; however, tolerance has no clear clinical implication
for selection of antimicrobial therapy.

The recent descriptions of S aureus clinical isolates with
partial77,121 or complete78 resistance to vancomycin have
underscored the intense clinical need for new therapies for S
aureus. No standard therapies exist for the treatment of IE
caused by S aureus isolates that are not susceptible to
vancomycin. Classification of these isolates has become
complex and includes designations of “reduced susceptibil-
ity,” “intermediate resistance,” and “high-level resistance.”
To date, the limited number of patients reported to have IE
caused by these isolates precludes specific treatment recom-
mendations. Thus, these infections should be managed in
conjunction with an infectious diseases consultant.

Endocarditis in the Presence of Prosthetic
Valves or Other Prosthetic Material Caused
by Staphylococci

Coagulase-Negative Staphylococci
The CoNS that cause prosthetic valve endocarditis usually are
oxacillin resistant, particularly when endocarditis develops
within 1 year after surgery.79,122 Unless susceptibility to oxacillin
can be demonstrated conclusively, it should be assumed that the
organism is oxacillin resistant, and treatment should be planned
accordingly. Evidence from models of experimental endocarditis
caused by oxacillin-resistant staphylococci and limited clinical
experience in treating prosthetic valve endocarditis caused by
CoNS suggest that the optimal antibiotic therapy is vancomycin
combined with rifampin and gentamicin.79,122 Vancomycin and
rifampin are administered for a minimum of 6 weeks, with the
use of gentamicin limited to the first 2 weeks of therapy (Table
8). If the organism is resistant to gentamicin, then an aminogly-
coside to which it is susceptible should be substituted for
gentamicin. If the organism is resistant to all available amino-
glycosides, aminoglycoside treatment should be omitted. In this
situation, if the organism is susceptible to a fluoroquinolone,
animal studies of therapy for foreign-body infection suggest that
a fluoroquinolone may be used instead of gentamicin.122

Prosthetic valve infections, particularly when onset is
within 12 months of cardiac valve implantation or when an
aortic valve prosthesis is involved, are frequently complicated
by perivalvular and myocardial abscesses and valvular dys-
function.123 Surgery frequently is required in these patients
and may be lifesaving. CoNS may become resistant to
rifampin during therapy for prosthetic valve endocarditis.
Because of the potential for changes in the patterns of
antibiotic susceptibility during therapy, organisms recovered
from surgical specimens or blood from patients who have had
a relapse should be retested for antibiotic susceptibility (Class
IIa, Level of Evidence: C).

Although published data on combinations of antimicrobial
therapy are limited, we suggest that prosthetic valve endocar-
ditis caused by oxacillin-susceptible CoNS should be treated
with nafcillin and rifampin in combination with gentamicin
for the first 2 weeks of therapy. A first-generation cephalo-
sporin or vancomycin may be substituted for nafcillin for
patients who are allergic to penicillin.

S aureus
Because of the high mortality rate associated with S aureus
prosthetic valve endocarditis,124 combination antimicrobial
therapy is recommended (Table 8). The use of combination
therapy is not based on studies of in vitro synergy but rather
on the efficacy of this therapy for treatment of CoNS
prosthetic valve endocarditis and the results of treatment of
experimental endocarditis and infected devices. In animal
studies, rifampin played a unique role in the complete
sterilization of foreign bodies infected by S aureus.125 For
infection caused by an oxacillin-susceptible strain, nafcillin
or oxacillin together with rifampin is suggested; with
oxacillin-resistant staphylococci, vancomycin and rifampin
should be used. Gentamicin should be administered for the
initial 2 weeks of therapy with either �-lactam or
vancomycin-containing regimens. If the strains are resistant
to gentamicin, then a fluoroquinolone may be used if the
strain is susceptible. It appears that cardiac surgical interven-
tions play an important role in maximizing outcomes in S
aureus prosthetic valve endocarditis.124

In summary, a 2-week regimen of aminoglycoside is
recommended for staphylococcal prosthetic valve endocardi-
tis because of the associated high morbidity and mortality
rates for such infections. It should be emphasized that this
recommendation is based on limited clinical data.

Enterococci
Enterococci, which belong to Lancefield’s group D, are no
longer designated as part of the Streptococcus genus but have
a separate genus, Enterococcus. Although there are �15
species within the Enterococcus genus, E faecalis and E
faecium are the major species isolated from clinical sources.

Suggested regimens recommended for enterococcal endo-
carditis are shown in Tables 9 though 12. Enterococci should
be routinely tested in vitro for susceptibility to penicillin and
vancomycin (MIC determination) and for high-level resis-
tance to gentamicin and streptomycin (Class I, Level of
Evidence: A). Although rarely identified, �-lactamase–pro-
ducing enterococci may account for relapsing infection, and
screening the isolate for �-lactamase production should be
done in these cases.

In comparison with streptococci, enterococci are relatively
resistant to penicillin, ampicillin, and vancomycin. Strepto-
cocci usually are killed by these antimicrobials alone,
whereas enterococci are inhibited but not killed. Killing of
susceptible strains of enterococci requires the synergistic
action of penicillin, ampicillin, or vancomycin in combina-
tion with either gentamicin or streptomycin.

Enterococci are relatively impermeable to aminoglyco-
sides. High concentrations of aminoglycosides in the extra-
cellular milieu are required to achieve sufficient concentra-
tions of the drug at the site of the ribosomal target within the
bacterial cell for bactericidal activity. These concentrations
are higher than can be achieved safely in patients; however,
cell wall–active agents such as penicillin, ampicillin, and van-
comycin raise the permeability of the enterococcal cell so that a
bactericidal effect can be achieved by concentration of an
aminoglycoside that is readily achieved in patients without
excessive toxicity. If an enterococcus strain is resistant to the cell
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wall–active agent or high concentrations of an aminoglycoside
(500 �g/mL of gentamicin or 1000 �g/mL of streptomycin),
then the combination of an aminoglycoside with the cell wall–
active agent will not result in bactericidal activity in vitro or in
vivo (animal model of endocarditis), nor will it predictably
produce a microbiological cure in human enterococcal
endocarditis.

Results of studies of experimental enterococcal endocardi-
tis suggest that an in vivo postantibiotic effect does not occur
with penicillin, ampicillin, or vancomycin. Accordingly, the
trough antibiotic concentration in serum must be maintained
above the MIC. Some animal model data suggest that
continuous infusion of a �-lactam is more effective than is
intermittent infusion, whereas other studies suggest an equiv-

alent effect. In these studies, the serum trough concentrations
were greater than the MIC with either intermittent or contin-
uous administration.

Enterococci Susceptible to Penicillin, Vancomycin,
and Aminoglycosides
The regimens suggested for antimicrobial therapy are shown
in Table 9. When combined with penicillin or ampicillin,
streptomycin and gentamicin therapy had similar microbio-
logical cure rates for enterococcal endocarditis.126 The choice
of a specific aminoglycoside for therapy should be based on
gentamicin and streptomycin in vitro susceptibility testing. If
the strain is susceptible to both gentamicin and streptomycin,
then gentamicin is preferred because the determination of

TABLE 7. Therapy for Endocarditis Caused by Staphylococci in the Absence of Prosthetic Materials

Regimen Dosage* and Route Duration
Strength of

Recommendation Comments

Oxacillin-susceptible strains

Nafcillin or oxacillin† 12 g/24 h IV in 4–6 equally divided doses 6 wk IA For complicated right-sided IE and for
left-sided IE; for uncomplicated
right-sided IE, 2 wk (see text)

with

Optional addition of
gentamicin sulfate‡

3 mg/kg per 24 h IV/IM in 2 or 3 equally
divided doses

3–5 d

Pediatric dose§: Nafcillin or oxacillin 200
mg/kg per 24 h IV in 4–6 equally divided
doses; gentamicin 3 mg/kg per 24 h IV/IM in 3
equally divided doses

Clinical benefit of aminoglycosides has
not been established

For penicillin-allergic
(nonanaphylactoid type)
patients:

Consider skin testing for
oxacillin-susceptible staphylococci and
questionable history of immediate-type
hypersensitivity to penicillin

Cefazolin 6 g/24 h IV in 3 equally divided doses 6 wk IB Cephalosporins should be avoided in
patients with anaphylactoid-type
hypersensitivity to �-lactams;
vancomycin should be used in these
cases§

with

Optional addition of
gentamicin sulfate

3 mg/kg per 24 h IV/IM in 2 or 3 equally
divided doses

3–5 d Clinical benefit of aminoglycosides has
not been established

Pediatric dose: cefazolin 100 mg/kg per 24 h
IV in 3 equally divided doses; gentamicin 3
mg/kg per 24 h IV/IM in 3 equally divided
doses

Oxacillin-resistant strains

Vancomycin� 30 mg/kg per 24 h IV in 2 equally divided
doses

6 wk IB Adjust vancomycin dosage to achieve
1-h serum concentration of 30–45
�g/mL and trough concentration of
10–15 �g/mL (see text for vancomycin
alternatives)

Pediatric dose: 40 mg/kg per 24 h IV in 2 or 3
equally divided doses

*Dosages recommended are for patients with normal renal function.
†Penicillin G 24 million U/24 h IV in 4 to 6 equally divided doses may be used in place of nafcillin or oxacillin if strain is penicillin susceptible (minimum inhibitory

concentration �0.1 �g/mL) and does not produce �-lactamase.
‡Gentamicin should be administered in close temporal proximity to vancomycin, nafcillin, or oxacillin dosing. See Table 4 for appropriate dosage of gentamicin.
§Pediatric dose should not exceed that of a normal adult.
�For specific dosing adjustment and issues concerning vancomycin, see Table 4 footnotes.
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serum gentamicin concentrations may be performed in most
laboratories, whereas streptomycin serum concentrations re-
quire special laboratory testing. Studies of single daily dosing
of aminoglycosides compared with dosing every 8 hours in
animal models of enterococcal endocarditis have yielded
conflicting results. These results may reflect different phar-
macokinetics of aminoglycosides in animals as compared
with humans. Until more data demonstrate that once-daily
dosing of an aminoglycoside is as effective as multiple
dosing, gentamicin or streptomycin should be administered in
daily multiple divided doses rather than a daily single dose to
patients with enterococcal endocarditis.

In patients with normal renal function, gentamicin should
be administered every 8 hours and the dosage adjusted to
achieve a 1-hour serum concentration of �3 �g/mL and a
trough concentration of �1 �g/mL. Increasing the dosage of
gentamicin in these patients did not result in enhanced
efficacy but did increase the risk of nephrotoxicity.127 In
patients with mildly abnormal renal function (creatinine
clearance �50 mL/min), the dosage of gentamicin should be
adjusted and the serum concentrations closely monitored to
achieve the target concentrations above. In patients with more
severely reduced renal function (creatinine clearance �50
mL/min), treatment should be in consultation with an infec-
tious diseases specialist.

The duration of antimicrobial therapy in native valve
endocarditis depends on the duration of infection before

diagnosis and onset of effective therapy. Patients with �3
months’ duration of symptoms may be treated successfully
with 4 weeks of antimicrobial therapy, whereas patients with
�3 months’ duration of symptoms require 6 weeks of
therapy.128,129 Patients with prosthetic valve endocarditis
should receive at least 6 weeks of antimicrobial therapy.

Vancomycin therapy should be administered only if a
patient is unable to tolerate penicillin or ampicillin. Combi-
nations of penicillin or ampicillin with gentamicin are pref-
erable to combined vancomycin-gentamicin because of the
potential increased risk of ototoxicity and nephrotoxicity with
the vancomycin-gentamicin combination. Moreover, combi-
nations of penicillin or ampicillin and gentamicin are more
active than combinations of vancomycin and gentamicin in
vitro and in animal models of experimental endocarditis.
Patients with native valve endocarditis should receive 6
weeks of vancomycin-gentamicin therapy; patients with pros-
thetic valve infection also should receive at least 6 weeks of
therapy.

Findings from a 5-year, nationwide, prospective study of
93 episodes of definite enterococcal endocarditis are note-
worthy because they suggest that the duration of aminogly-
coside therapy could be shortened to 2 to 3 weeks.130 These
patients, who were managed in Sweden between 1995 and
1999, represent the largest series of enterococcal endocarditis
cases published to date. The age of these patients, who were

TABLE 8. Therapy for Prosthetic Valve Endocarditis Caused by Staphylococci

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

Oxacillin-susceptible strains

Nafcillin or oxacillin 12 g/24 h IV in 6 equally divided doses �6 IB Penicillin G 24 million U/24 h IV in 4 to 6
equally divided doses may be used in place of
nafcillin or oxacillin if strain is penicillin
susceptible (minimum inhibitory concentration
�0.1 �g/mL) and does not produce
�-lactamase; vancomycin should be used in
patients with immediate-type hypersensitivity
reactions to �-lactam antibiotics (see Table 3
for dosing guidelines); cefazolin may be
substituted for nafcillin or oxacillin in patients
with non–immediate-type hypersensitivity
reactions to penicillins

plus

Rifampin 900 mg per 24 h IV/PO in 3 equally divided
doses

�6

plus

Gentamicin† 3 mg/kg per 24 h IV/IM in 2 or 3 equally
divided doses

2

Pediatric dose‡: nafcillin or oxacillin 200 mg/kg
per 24 h IV in 4–6 equally divided doses;
rifampin 20 mg/kg per 24 h IV/PO in 3 equally
divided doses; gentamicin 3 mg/kg per 24 h
IV/IM in 3 equally divided doses

Oxacillin-resistant strains

Vancomycin 30 mg/kg 24 h in 2 equally divided doses �6 IB Adjust vancomycin to achieve 1-h serum
concentration of 30–45 �g/mL and trough
concentration of 10–15 �g/mL (see text for
gentamicin alternatives)

plus

Rifampin 900 mg/24 h IV/PO in 3 equally divided doses �6

plus

Gentamicin 3 mg/kg per 24 h IV/IM in 2 or 3 equally
divided doses

2

Pediatric dose: vancomycin 40 mg/kg per 24 h
IV in 2 or 3 equally divided doses; rifampin 20
mg/kg per 24 h IV/PO in 3 equally divided
doses (up to adult dose); gentamicin 3 mg/kg
per 24 h IV or IM in 3 equally divided doses

*Dosages recommended are for patients with normal renal function.
†Gentamicin should be administered in close proximity to vancomycin, nafcillin, or oxacillin dosing. See Table 4 for appropriate dosage of gentamicin.
‡Pediatric dose should not exceed that of a normal adult.
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older than patients with other types of endocarditis, was a
factor in their ability to tolerate prolonged aminoglycoside
therapy in combination with cell wall–active agents and
prompted an abbreviated aminoglycoside course. Despite
limiting the duration of aminoglycosides (median treatment
time was 15 days), the overall cure rate was comparable to
that of longer courses of combined therapy. The implications
of this work are extremely practical and deserve further study
before routine use of shortened aminoglycoside therapy in
combination regimens for treatment of enterococcal endocar-
ditis can be recommended.

Enterococci Susceptible to Penicillin,
Streptomycin, and Vancomycin and Resistant
to Gentamicin
Aminoglycoside resistance in enterococci is most commonly
the result of the acquisition of plasmid-mediated
aminoglycoside-modifying enzymes. Strains that are resistant
to high levels of gentamicin are resistant to other aminogly-
cosides, but some of these strains are susceptible to strepto-
mycin. All E faecium are intrinsically resistant to amikacin,
kanamycin, netilmicin, and tobramycin, and E faecalis are
often resistant to kanamycin and amikacin. Infecting strains
of enterococci recovered from patients with endocarditis
should be tested for susceptibility to both gentamicin and
streptomycin but not other aminoglycosides.

The suggested regimens for antimicrobial therapy are
shown in Table 10. The duration of therapy is the same
whether gentamicin or streptomycin is used and whether the
patient has native or prosthetic valve endocarditis.

In patients with normal renal function, streptomycin should
be administered every 12 hours and the dosage adjusted to
achieve a 1-hour serum concentration of 20 to 35 �g/mL and
a trough concentration of �10 �g/mL. Patients with a
creatinine clearance of �50 mL/min should be treated in
consultation with an infectious diseases specialist.

Enterococci Resistant to Penicillin and Susceptible
to Aminoglycosides and Vancomycin
Table 11 presents the antimicrobial regimens suggested for
the treatment of endocarditis caused by enterococci suscep-
tible to vancomycin and aminoglycosides and resistant to
penicillin. E faecium are more resistant to penicillin, with
MICs usually �16 �g/mL as compared with E faecalis, with
MICs usually 2 to 4 �g/mL of penicillin. Ampicillin MICs
usually are 1 dilution lower than those of penicillin. The
activity of piperacillin is similar to that of penicillin, but
ticarcillin, aztreonam, antistaphylococcal penicillins (nafcil-
lin and methicillin), cephalosporins, cephamycins, and mero-
penem have limited or no activity against enterococci. Imi-
penem has some activity against enterococci.

TABLE 9. Therapy for Native Valve or Prosthetic Valve Enterococcal Endocarditis Caused by Strains Susceptible to Penicillin,
Gentamicin, and Vancomycin

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

Ampicillin sodium 12 g/24 h IV in 6 equally divided doses 4–6 IA Native valve: 4-wk therapy recommended
for patients with symptoms of illness �3
mo; 6-wk therapy recommended for
patients with symptoms �3 mo

or

Aqueous crystalline
penicillin G sodium

18–30 million U/24 h IV either continuously or
in 6 equally divided doses

4–6 IA Prosthetic valve or other prosthetic cardiac
material: minimum of 6 wk of therapy
recommendedplus

Gentamicin sulfate† 3 mg/kg per 24 h IV/IM in 3 equally divided
doses

4–6

Pediatric dose‡: ampicillin 300 mg/kg per 24 h
IV in 4–6 equally divided doses; penicillin
300 000 U/kg per 24 h IV in 4–6 equally
divided doses; gentamicin 3 mg/kg per 24 h
IV/IM in 3 equally divided doses

Vancomycin hydrochloride§ 30 mg/kg per 24 h IV in 2 equally divided
doses

6 IB Vancomycin therapy recommended only for
patients unable to tolerate penicillin or
ampicillin

plus

Gentamicin sulfate 3 mg/kg per 24 h IV/IM in 3 equally divided
doses

6 6 wk of vancomycin therapy recommended
because of decreased activity against
enterococciPediatric dose: vancomycin 40 mg/kg per 24 h

IV in 2 or 3 equally divided doses; gentamicin
3 mg/kg per 24 h IV/IM in 3 equally divided
doses

*Dosages recommended are for patients with normal renal function.
†Dosage of gentamicin should be adjusted to achieve peak serum concentration of 3–4 �g/mL and a trough concentration of �1 �g/mL (see text). See Table

4 for appropriate dosage of gentamicin.
‡Pediatric dose should not exceed that of a normal adult.
§See text and Table 4 for appropriate dosing of vancomycin.
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Some strains of E faecalis produce an inducible
�-lactamase that can be detected only by testing against an
inoculum that is 100-fold greater than that routinely used to
detect �-lactamase production by other microorganisms. At
the lower inoculum, the MICs of �-lactamase-positive and
negative strains of enterococci are the same. The �-lactamase
produced by enterococci is inhibited by the �-lactamase
inhibitors sulbactam and clavulanic acid, and these
�-lactamase-positive strains are susceptible to ampicillin/
sulbactam or amoxicillin/clavulanate, as well as to
vancomycin.

Enterococci Resistant to Penicillin,
Aminoglycosides, and Vancomycin
Enterococci are considered susceptible to vancomycin if
MICs are �4 �g/mL; they are thought to have intermediate-
level resistance to vancomycin if MICs are 8 to 16 �g/mL and
have full resistance to vancomycin if MICs are �16 �g/mL.
Five phenotypes of vancomycin resistance (vanA through E)
in enterococci have been described.131 IE cases are most often
caused by enterococci with the phenotypes vanA, B, or C. The
vanA phenotype is characterized by high-level vancomycin
resistance (MIC �64 �g/mL), vanB by intermediate- to
high-level resistance (MIC 16 to 512 �g/mL), and vanC by
low- to intermediate-level resistance (MIC 2 to 32 �g/mL).

The genes encoding vanA and vanB are found primarily in E
faecium and some strains of E faecalis, and the gene encoding
vanC is found intrinsically in all E casseliflavus and E
gallinarum, the only 2 motile enterococcal species.

Vancomycin-resistant (MIC �4 �g/mL) enterococci, in
particular E faecium, are often multidrug-resistant; however,
vancomycin-resistant E faecalis and E gallinarum/casselifla-
vus usually are penicillin susceptible. Linezolid inhibits the
growth of both E faecalis and E faecium, but quinupristin-
dalfopristin (Synercid) inhibits growth only in E faecium
because E faecalis are intrinsically resistant to
quinupristin-dalfopristin.

Few therapeutic options are available for antimicrobial
therapy of enterococcal endocarditis caused by multiply
resistant enterococci (Table 12); linezolid therapy resulted in
the cure of 77% of 22 courses of therapy in patients with
vancomycin-resistant enterococci endocarditis.132 Synercid
therapy was effective in 4 of 9 patients with endocarditis
caused by vancomycin-resistant E faecium. Synergistic bac-
tericidal activity in vitro and in vivo for E faecalis strains has
been demonstrated with double �-lactam combinations of
imipenem and ampicillin or cephalosporins plus ampicillin,
probably as a result of the saturation of different penicillin-
binding protein targets. These double �-lactam combinations
have been used to treat endocarditis caused by high-level

TABLE 10. Therapy for Native or Prosthetic Valve Enterococcal Endocarditis Caused by Strains Susceptible to Penicillin,
Streptomycin, and Vancomycin and Resistant to Gentamicin

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

Ampicillin sodium 12 g/24 h IV in 6 equally divided doses 4–6 IA Native valve: 4-wk therapy
recommended for patients with
symptoms of illness �3 mo; 6-wk
therapy recommended for patients with
symptoms �3 mo

or

Aqueous crystalline
penicillin G sodium

24 million U/24 h IV continuously or in 6
equally divided doses

4–6 IA

plus

Streptomycin sulfate† 15 mg/kg per 24 h IV/IM in 2 equally divided
doses

4–6 Prosthetic valve or other prosthetic
cardiac material: minimum of 6 wk of
therapy recommendedPediatric dose‡: ampicillin 300 mg/kg per 24 h

IV in 4–6 equally divided doses; penicillin
300 000 U/kg per 24 h IV in 4–6 equally
divided doses; streptomycin 20–30 mg/kg per
24 h IV/IM in 2 equally divided doses

Vancomycin hydrochloride§ 30 mg/kg per 24 h IV in 2 equally divided
doses

6 IB Vancomycin therapy recommended only
for patients unable to tolerate penicillin
or ampicillinplus

Streptomycin sulfate 15 mg/kg per 24 h IV/IM in 2 equally divided
doses

6

Pediatric dose: vancomycin 40 mg/kg per 24 h
IV in 2 or 3 equally divided doses;
streptomycin 20–30 mg/kg per 24 h IV/IM in 2
equally divided doses

*Dosages recommended are for patients with normal renal function.
†See text for appropriate dosing of streptomycin.
‡Pediatric dose should not exceed that of a normal adult.
§See text and Table 4 for appropriate dosing of vancomycin.
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aminoglycoside-resistant strains in experimental enterococcal
endocarditis and in a small number of patients with endocar-
ditis caused by a strain of multidrug-resistant E faecalis.132–136

Clinical results of daptomycin therapy are needed for
vancomycin-resistant enterococci endocarditis treatment.

Surgery may be indicated for endocarditis resulting from
enterococci for which there is no synergistic bactericidal com-
bination, and cardiac valve replacement may be the only chance
of cure in some patients. Because of the high complexity of
treating patients with vancomycin-resistant enterococci or mul-
tiple antibiotic-resistant enterococcal endocarditis, therapy
should be done in consultation with specialists in infectious
diseases, cardiology, cardiac surgery, and microbiology.

HACEK Microorganisms
Endocarditis caused by fastidious Gram-negative bacilli of
the HACEK group (Haemophilus parainfluenzae, H
aphrophilus, H paraphrophilus, H influenzae, Actinobacillus
actinomycetemcomitans, Cardiobacterium hominis, Eikenella
corrodens, Kingella kingae, and K denitrificans) accounts for
�5% to 10% of native valve community-acquired endocar-

ditis in patients who are not IDUs.137 These microorganisms
grow slowly in standard blood culture media, and recovery
may require prolonged incubation. Typically, only a small
portion of the blood culture bottles in patients with HACEK
endocarditis demonstrate growth. In cases in which blood
cultures are initially negative, the microbiology laboratory
should be asked to retain blood cultures for �2 weeks in all
patients suspected of having IE. Bacteremia caused by
HACEK microorganisms in the absence of an obvious focus
of infection is highly suggestive of endocarditis even in the
absence of typical physical findings.

Previously, the HACEK group of microorganisms was
uniformly susceptible to ampicillin; however, �-lactamase–
producing strains of HACEK are appearing with increased
frequency. Because of the difficulty in performing antimicro-
bial susceptibility testing, HACEK microorganisms should be
considered ampicillin resistant, and ampicillin should not be
used for the treatment of patients with HACEK endocarditis.
Both �-lactamase–producing and non–�-lactamase–produc-
ing strains of the HACEK group are susceptible to ceftriax-
one (or other third- or fourth-generation cephalosporins),

TABLE 11. Therapy for Native or Prosthetic Valve Enterococcal Endocarditis Caused by Strains Resistant to Penicillin and
Susceptible to Aminoglycoside and Vancomycin

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

�-Lactamase–producing strain

Ampicillin-sulbactam 12 g/24 h IV in 4 equally divided doses 6 IIaC Unlikely that the strain will be
susceptible to gentamicin; if strain is
gentamicin resistant, then �6 wk of
ampicillin-sulbactam therapy will be
needed

plus

Gentamicin sulfate† 3 mg/kg per 24 h IV/IM in 3 equally divided
doses

6

Pediatric dose‡: ampicillin-sulbactam 300
mg/kg per 24 h IV in 4 equally divided doses;
gentamicin 3 mg/kg per 24 h IV/IM in 3
equally divided doses

Vancomycin
hydrochloride§

30 mg/kg per 24 h IV in 2 equally divided
doses

6 IIaC Vancomycin therapy recommended only
for patients unable to tolerate
ampicillin-sulbactamplus

Gentamicin sulfate† 3 mg/kg per 24 h IV/IM in 3 equally divided
doses

6

Pediatric dose: vancomycin 40 mg/kg per 24 h
in 2 or 3 equally divided doses; gentamicin 3
mg/kg per 24 h IV/IM in 3 equally divided
doses

Intrinsic penicillin resistance

Vancomycin
hydrochloride‡

30 mg/kg per 24 h IV in 2 equally divided
doses

6 IIaC Consultation with a specialist in
infectious diseases recommended

plus

Gentamicin sulfate† 3 mg/kg per 24 h IV/IM in 3 equally divided
doses

6

Pediatric dose: vancomycin 40 mg/kg per 24 h
IV in 2 or 3 equally divided doses; gentamicin
3 mg/kg per 24 h IV/IM in 3 equally divided
doses

*Dosages recommended are for patients with normal renal function.
†See text and Table 4 for appropriate dosing of gentamicin.
‡Pediatric dose should not exceed that of a normal adult.
§See Table 4 for appropriate dosing of vancomycin.
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ampicillin-sulbactam, and fluoroquinolones. Although there
are limited published clinical data demonstrating the efficacy
of ceftriaxone or ampicillin-sulbactam therapy, these drugs
should be considered the regimens of choice for the treatment
of patients with HACEK endocarditis64 (Table 13). The
duration of therapy for native valve infection should be 4
weeks; for prosthetic valve endocarditis, the duration of
therapy should be 6 weeks. Gentamicin is no longer recom-
mended because of its nephrotoxicity risks.

The HACEK group is susceptible in vitro to fluoroquinolones.
On the basis of these susceptibility data, a fluoroquinolone
(ciprofloxacin, levofloxacin, gatifloxacin, or moxifloxacin)
should be considered as an alternative agent for patients unable
to tolerate �-lactam therapy. There are only a few case reports of
HACEK endocarditis treated with a fluoroquinolone, however.
Accordingly, patients with HACEK endocarditis who cannot

tolerate �-lactam therapy should be treated in consultation with
an infectious diseases specialist.

Non-HACEK Gram-Negative Bacilli
Although Gram-negative aerobic bacilli have traditionally been
reported to cause up to 10% of endocarditis cases,138–140 this
proportion has been considerably lower in recent series.
For example, in a prospective cohort study involving 34
centers in 15 countries, only 21 (2.1%) of the 1024 cases
of definite IE were caused by Gram-negative bacteria.73

Some studies have suggested that the incidence of endo-
carditis resulting from Gram-negative bacteria may be
increasing.138,141 IDUs, recipients of prosthethic valves,
and patients with cirrhosis142 appear to be at increased risk
for developing Gram-negative bacillary endocarditis. The
duration of illness before presentation usually is �6

TABLE 12. Therapy for Native or Prosthetic Valve Enterococcal Endocarditis Caused by Strains Resistant to Penicillin,
Aminoglycoside, and Vancomycin

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

E faecium

Linezolid 1200 mg/24 h IV/PO in 2 equally divided doses �8 IIaC Patients with endocarditis caused by
these strains should be treated in
consultation with an infectious diseases
specialist; cardiac valve replacement
may be necessary for bacteriologic
cure; cure with antimicrobial therapy
alone may be �50%; severe, usually
reversible thrombocytopenia may occur
with use of linezolid, especially after 2
wk of therapy; quinupristin-dalfopristin
only effective against E faecium and
can cause severe myalgias, which may
require discontinuation of therapy; only
small no. of patients have reportedly
been treated with
imipenem/cilastatin-ampicillin or
ceftriaxone � ampicillin

or

Quinupristin-dalfopristin 22.5 mg/kg per 24 h IV in 3 equally divided doses �8

E faecalis

Imipenem/cilastatin 2 g/24 h IV in 4 equally divided doses �8 IIbC

plus

Ampicillin sodium 12 g/24 h IV in 6 equally divided doses �8

or

Ceftriaxone sodium 4 g/24 h IV/IM in 2 equally divided doses �8 IIbC

plus

Ampicillin sodium 12 g/24 h IV in 6 equally divided doses �8

Pediatric dose†: Linezolid 30 mg/kg per 24 h IV/PO
in 3 equally divided doses; quinupristin-dalfopristin
22.5 mg/kg per 24 h IV in 3 equally divided doses;
imipenem/cilastatin 60–100 mg/kg per 24 h IV in 4
equally divided doses; ampicillin 300 mg/kg per 24
h IV in 4–6 equally divided doses; ceftriaxone 100
mg/kg per 24 h IV/IM in 2 equally divided doses

Decreasing order of preference based on published data.
*Dosages recommended are for patients with normal renal function.
†Pediatric dose should not exceed that of a normal adult.
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weeks; most patients are 40 to 50 years of age, and men
and women are affected equally.143 Congestive heart fail-
ure (CHF) is common, and mortality rates range from
�60% to 80%.137,139,144

Enterobacteriaceae
Among Enterobacteriaceae, Salmonella species were the
most common causes in early reports. These organisms have
an affinity for abnormal cardiac valves, usually on the left
side of the heart.139,145 Although many serotypes have been
implicated, most cases are caused by S choleraesuis, S
typhimurium, and S enteritidis. Valvular perforation or de-
struction, atrial thrombi, myocarditis, and pericarditis are
common, and the outlook is grave. Salmonellae also may
produce endarteritis in aneurysms of major vessels. Other
Enterobacteriaceae, including E coli and Serratia marc-
escens, may rarely cause endocarditis.144 S marcescens endo-
carditis typically develops in IDUs. Left-sided disease, large
vegetations, and involvement of architecturally normal valves
are common features, and mortality rates are �70%.146,147

Valve replacement after �7 to 10 days of antibiotic therapy
has been recommended for these difficult infections.

Cardiac surgery in combination with prolonged courses of
combined antibiotic therapy is a cornerstone of treatment
(Class IIa, Level of Evidence: B) for most patients with
endocarditis caused by Gram-negative bacilli, particularly in
the setting of left-sided involvement.139,147 Certain combina-
tions of penicillins or cephalosporins and aminoglycosides
have been shown to be synergistic against many of these
strains and usually are recommended. For IE caused by
susceptible strains of Escherichia coli or Proteus mirabilis, a
combination of either a penicillin—either ampicillin (2 g IV
every 4 hours) or penicillin (20 million U IV daily)—or a
broad-spectrum cephalosporin with an aminoglycoside, usu-
ally gentamicin (1.7 mg/kg every 8 hours), is recommended.
Third-generation cephalosporins are extremely active against
E coli in vitro, and some (eg, ceftriaxone) have proved
effective in experimental models of E coli endocarditis in
animals.148 This group of agents deserves further evaluation
in humans for IE caused by susceptible Gram-negative
bacilli. Endovascular Salmonella infections, including IE,
also may respond to third-generation cephalosporins.149 A
combination of a third-generation cephalosporin and an
aminoglycoside (either gentamicin or amikacin) is recom-
mended for Klebsiella endocarditis. Certain �-lactam/�-
lactamase inhibitor combinations (eg, piperacillin-
tazobactam150 but not ceftriaxone-sulbactam151) are active in
vivo in experimental models of Klebsiella endocarditis in-
duced by TEM-3–producing isolates in animals and deserve
further evaluation in combination with an aminoglycoside in
humans with this disease. The specific aminoglycoside used
is a critical variable and cannot be totally predicted from MIC
data alone because pharmacodynamic characteristics differ
markedly in animal models of IE caused by Gram-negative
aerobic bacilli.152,153 Thus, determinations of tube-dilution
MBC often are necessary to guide therapy (Class IIb, Level of
Evidence: C).

Pseudomonas Species
More than 200 cases of P aeruginosa endocarditis have been
reported.142,143,154–158 Most (95%) patients have abused intrave-
nous drugs, and nearly all IDUs have abused tripelennamine and
pentazocine (“T’s and blues”).143,154,158 The male:female ratio is
2.5:1, and the mean age is 30 years. The organism affects normal
valves in most cases. Major embolic phenomena, inability to
sterilize valves, neurological complications (53%), ring and
annular abscesses, splenic abscesses, bacteremic relapses, and
rapidly progressive CHF are common. Ecthyma gangrenosum,
the necrotizing cutaneous lesion characteristic of Pseudomonas
bacteremia, has occasionally been noted, especially in cases of
IE caused by P (Burkholderia) cepacia.159 The disease carries
the highest mortality rate in patients �30 years of age (73%
versus 33% in younger patients) when the duration of illness is
�5 days (which increases mortality from 41% to 76%) and
when there is left-sided cardiac involvement.154,157 Because of
the gloomy outlook and frequent complications,155 many author-
ities recommend early surgery for left-sided Pseudomonas
endocarditis.143,158 In contrast, high-dose regimens of antipseu-
domonal penicillins combined with aminoglycosides have had a
salutary effect in a majority of patents with isolated right-sided
pseudomonal IE.

Medical therapy may be successful in P aeruginosa IE
involving the right side of the heart in 50% to 75% of cases. If
the disease is refractory to antibiotics, then partial tricuspid
valvulectomy or “vegetectomy”160 without valve replacement is
indicated.161 Although valve replacement often is necessary for
curing left-sided IE caused by P aeruginosa,162 results in a series
of 10 patients (7 with left-sided involvement alone or in
combination with tricuspid disease) suggest that medical therapy
alone is occasionally curative.149 Studies in animals with exper-
imental Pseudomonas endocarditis163 offer a potential explana-
tion for these disparate results: The penetration into vegetations
and the time during which antibiotic concentrations exceeded the
MBC were both significantly greater with tricuspid than with
aortic vegetations for both ceftazidime and tobramycin.

Problems have emerged with all potential regimens in animal
models of P aeruginosa IE, including failure of �-lactam (eg,
ceftazadime) therapy as a result of constitutive hyperproduction
of type Id �-lactamase by isolates within valve vegetations in
animal models163 and clinically164; isolates demonstrating ami-
noglycoside resistance caused by permeability defects that
emerge during therapy165; absence of a postantibiotic effect of
�-lactams against P aeruginosa in vivo,166 thus necessitating
frequent (or continuous) drug administration; and reduced host-
mediated clearance of mucoid strains from the valvular vegeta-
tion resulting from alginate exopolysaccharide.167

On the basis of clinical experience,154,156,157 however, the
preferred regimen for IE caused by P aeruginosa is high-dose
tobramycin (8 mg/kg per day IV or intramuscularly in
once-daily doses) with maintenance of peak and trough
concentrations of 15 to 20 �g/mL and �2 �g/mL, respec-
tively, in combination with either an extended-spectrum
penicillin (eg, ticarcillin, piperacillin, azlocillin) or ceftazi-
dime or cefepime in full doses (Class IIa, Level of Evidence:
B). The toxicity associated with this regimen is surprisingly
low; combination treatment should be given for a minimum
of 6 weeks. The use of quinolones (in combination with an
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aminoglycoside) for the treatment of Pseudomonas endocar-
ditis appears promising, based on favorable results in animal
models163 and humans,168 but the development of stepwise
resistance during therapy may limit the efficacy of this class
of drugs in the future. On the basis of limited experimental
data,169 ceftazidime-tobramycin is preferred over aztreonam-
tobramycin for this disease. Approximately 7 cases of P
aeruginosa endocarditis have been successfully treated with
imipenem plus an aminoglycoside,170 but the potential for the
development of resistance exists with any of these regimens.

Unusual Gram-Negative Bacteria
Neisseria gonorrhoeae was responsible for at least 5% to
10% of IE cases before the introduction of penicillin but is
now rarely implicated. Of the cases of gonococcal endocar-
ditis reported since 1949,171–173 most occurred in young men.
Skin manifestations consistent with the gonococcal arthritis-
dermatitis syndrome or endocarditis are documented in only
20% of cases. Most cases of gonococcal endocarditis now
follow an indolent course in contrast to the often fulminant
progression in the preantibiotic era. Aortic valve involve-
ment, large vegetations seen on TTE, associated valve ring
abscesses, CHF, and nephritis are common. Recently,171 a
high frequency of late-complement component deficiencies
has been noted in patients with gonococcal endocarditis.
Sudden hemodynamic deterioration despite appropriate ther-
apy may occur,171–173 and the mortality rate remains �20%.
“Nonpathogenic” Neisseria species (N perflava, N flava, N
pharyngis, N mucosa, N sicca, N flavescens, and especially N
elongata subspecies nitroreducens [Centers for Disease Con-
trol and Prevention group M-6]) and Moraxella [Branha-
mella] catarrhalis are now isolated more frequently in IE
than gonococci, but they usually produce infection on abnor-
mal or prosthetic heart valves.174–176

The gonococci that cause systemic infection usually are
susceptible to penicillin.177 IE caused by these organisms as
well as by meningococci can be effectively treated with the
same penicillin regimen recommended for pneumococcal
endocarditis. There are several reasons why infectious disease
consultation should be obtained in cases in which gonococci
are resistant to penicillin. These include limited clinical
experience,178 various mechanisms of penicillin resistance,
and resistance to other potential therapies, including ceftriax-
one and ciprofloxacin.

Culture-Negative Endocarditis
Positive blood cultures are a major diagnostic criterion for IE
and key to identifying the etiologic agent and the optimal
antimicrobial regmen.19,179,180 Continuous bacteremia and a
high frequency of positive blood cultures are typical of this
infection. In a study of 206 patients with blood culture–
positive endocarditis, 95% of 789 blood cultures yielded the
causative microorganism, and in 91% of cases, all of the
cultures were positive.181 The intensity of bacteremia may not
be great, however; �50 colony-forming units per milliliter of
blood were detected in the majority of patients.181

Blood cultures are negative in up to 20% of patients with
IE diagnosed by strict diagnostic criteria.182 Failure to culture
the microorganism causing endocarditis may result from

inadequate microbiological techniques, infection with highly
fastidious bacteria or nonbacterial pathogens, or previous
administration of antimicrobial agents before blood cultures
were obtained. The last of these 3 factors is an important
cause of culture-negative endocarditis because it is so prev-
alent. Administration of antimicrobial agents to IE patients
before blood cultures are obtained reduces the recovery rate
of bacteria by 35% to 40%.180,181,183–185 The antimicrobial
susceptibility of the organism and the duration and nature of
previous antimicrobial therapy together determine the length
of time that blood cultures will remain negative.186 Endocar-
ditis patients with blood cultures that are initially negative
after only a few days of antibiotic therapy may have positive
blood cultures after several days without antibiotics. The
blood cultures of patients who receive longer courses of
high-dose bactericidal antimicrobials may remain negative
for weeks.

Selection of the most appropriate medical therapy for
patients with culture-negative endocarditis is difficult. On the
one hand, there is a need to provide empiric antimicrobials for
all likely pathogens. On the other hand, certain therapeutic
agents, including aminoglycosides, have potentially toxic
effects that dictate limitation or avoidance of use if at all
possible. Moreover, some of the laboratory-based diagnostic
techniques to define pathogens that are not usually encoun-
tered are not available in many clinical laboratories and
require considerable time for completion of testing. During
this period, patients are often treated empirically for the more
common bacterial causes of IE, which can result in exposure
to potentially toxic therapy that may not have been necessary
had a pathogen been identified.

Selection of an empirical treatment regimen (Table 14)
should include consideration of epidemiological features
(Table 15) and the clinical course of infection. Consultation
with an infectious diseases specialist to define the most
appropriate choice of therapy is recommended.

Patients should be classified into 1 of 2 groups (provided
the reason for negative blood cultures is determined not to be
inadequate laboratory techniques) when choice of empirical
therapy is considered. One group includes patients who
received antibiotic therapy before collection of blood cul-
tures. For those with acute clinical presentations of native
valve infection, coverage for S aureus should be provided as
outlined in the section on the treatment of proven staphylo-
coccal disease. For patients with a subacute presentation,
coverage of S aureus, viridans group streptococci, and en-
terococci should be given. Therapy for the HACEK group of
organisms also should be considered. One treatment option
could include 3 g IV ampicillin-sulbactam every 6 hours
combined with gentamicin 1 mg/kg IV or intramuscularly
every 8 hours.

Patients with culture-negative prosthetic valve infection
should receive vancomycin if onset of symptoms begins
within 1 year of prosthetic valve placement to provide
coverage of oxacillin-resistant staphylococci. Coverage for
aerobic Gram-negative bacilli with cefepime 2 g IV every 8
hours could be considered for onset of infection within 2
months of valve replacement. If symptom onset is 1 year after
valve placement, then infection is more likely to be caused by
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oxacillin-susceptible staphylococci, viridans group strepto-
cocci, and enterococci, and antibiotic therapy for these
potential pathogens should be administered for at least 6
weeks.

The second group of patients with culture-negative endo-
carditis has infection caused by uncommon or rare endocar-
ditis pathogens that do not grow in routinely used blood
culture systems.184,187 The organisms that have garnered the
most attention are Bartonella species, Chlamydia species,
Coxiella burnetii, Brucella species, Legionella species, Tro-
pheryma whippleii, and non-Candida fungi. Bartonella spe-
cies, Coxiella burnetii, and Brucella species have been the
most commonly identified in most series of culture-negative
endocarditis caused by fastidious organisms. Bartonella may
be more common than the other 2 and has been reported as a
cause of IE in 3% of cases in 3 different countries.187

Bartonella quintana is the most commonly identified species,
followed by B henselae. Treatment of this wide variety of
microorganisms has been described anecdotally, and regi-
mens of choice are based on limited data and can be found in
other publications. Treatment choices for Bartonella endocar-
ditis are included in Table 14 because it may be the most
commonly seen form of endocarditis among those caused by
fastidious organisms. Antibiotic regimens should include at
least 2 weeks of aminoglycoside therapy.187

Noninfectious causes of valvular vegetations can produce a
syndrome similar to culture-negative endocarditis. Perhaps
the one that has received the most attention is antiphospho-
lipid syndrome.188 This syndrome has been described as both
a primary and a secondary syndrome and is associated with
the presence of antiphospholipid antibodies. In its secondary
form, antiphospholipid syndrome has been linked to autoim-
mune disorders, particularly systemic lupus erythematosus,
and malignancies. Sterile valvular vegetations form and
embolize, clinically mimicking in many respects culture-

negative endocarditis. The mitral valve is most often affected,
and valvular regurgitation is the predominant functional
abnormality seen.

Numerous other causes of noninfective vegetative endo-
carditis can mimic IE. These can be categorized into 4
groups184: neoplasia associated (atrial myxoma, marantic
endocarditis, neoplastic disease, and carcinoid); autoimmune
associated (rheumatic carditis, systemic lupus erythematosus,
polyarteritis nodosa, and Behçet’s disease); postvalvular sur-
gery (thrombus, stitch, or other postsurgery changes); and
miscellaneous (eosinophilic heart disease, ruptured mitral
chordae, and myxomatous degeneration).

Fungi
Fungal endocarditis is a relatively new syndrome and is often
a complication of medical and surgical advances.189,190 Pa-
tients who develop this illness usually have multiple predis-
posing conditions that often include the use of cardiovascular
devices, in particular, prosthetic cardiac valves and central
venous catheters. Despite aggressive combined medical and
surgical interventions, mortality rates for fungal endocarditis
are unacceptably high. The survival rate for patients with
mold-related endocarditis is �20%.

Candida and Aspergillus species account for the large
majority of fungal endocardial infections, and Candida-
related endocarditis is much more common than Aspergillus-
related disease.189,190 Blood cultures are usually positive in
cases caused by the former pathogen, whereas they are rarely
positive in cases caused by the latter fungus. Thus, Aspergil-
lus is a cause of culture-negative endocarditis, and when this
occurs, it is usually in a patient with recent placement of a
prosthetic cardiac valve.189

Historically, 2 treatment doctrines have prevailed in fungal
endocarditis despite the lack of prospective trials conducted
to define the most appropriate therapy. One doctrine is that

TABLE 13. Therapy for Both Native and Prosthetic Valve Endocarditis Caused by HACEK* Microorganisms

Regimen Dosage and Route
Duration,

wk
Strength of

Recommendation Comments

Ceftriaxone† sodium 2 g/24 h IV/IM in 1 dose 4 IB Cefotaxime or another third- or
fourth-generation cephalosporin may be
substitutedor

Ampicillin- sulbactam‡ 12 g/24 h IV in 4 equally divided doses 4 IIaB

or

Ciprofloxacin‡§ 1000 mg/24 h PO or 800 mg/24 h IV in 2
equally divided doses

4 IIbC Fluoroquinolone therapy recommended only for
patients unable to tolerate cephalosporin and
ampicillin therapy; levofloxacin, gatifloxacin, or
moxifloxacin may be substituted;
fluoroquinolones generally not recommended
for patients �18 y old
Prosthetic valve: patients with endocarditis
involving prosthetic cardiac valve or other
prosthetic cardiac material should be treated
for 6 wk

Pediatric dose�: Ceftriaxone 100 mg/kg per 24
h IV/IM once daily; ampicillin-sulbactam 300
mg/kg per 24 h IV divided into 4 or 6 equally
divided doses; ciprofloxacin 20–30 mg/kg per
24 h IV/PO in 2 equally divided doses

*Haemophilus parainfluenzae, H aphrophilus, Actinobacillus actinomycetemcomitans, Cardiobacterium hominis, Eikenella corrodens, and Kingella kingae.
†Patients should be informed that IM injection of ceftriaxone is painful.
‡Dosage recommended for patients with normal renal function.
§Fluoroquinolones are highly active in vitro against HACEK microorganisms. Published data on use of fluoroquinolone therapy for endocarditis caused by HACEK

are minimal.
�Pediatric dose should not exceed that of a normal adult.
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TABLE 14. Therapy for Culture-Negative Endocarditis Including Bartonella Endocarditis

Regimen Dosage* and Route
Duration,

wk
Strength of

Recommendation Comments

Native valve

Ampicillin-sulbactam 12 g/24 h IV in 4 equally divided doses 4–6 IIbC Patients with culture-negative endocarditis
should be treated with consultation with an
infectious diseases specialistplus

Gentamicin sulfate† 3 mg/kg per 24 h IV/IM in 3 equally divided doses 4–6

Vancomycin‡ 30 mg/kg per 24 h IV in 2 equally divided doses 4–6 IIbC Vancomycin recommended only for patients
unable to tolerate penicillinsplus

Gentamicin sulfate 3 mg/kg per 24 h IV/IM in 3 equally divided doses 4–6

plus

Ciprofloxacin 1000 mg/24 h PO or 800 mg/24 h IV in 2 equally divided
doses

4–6

Pediatric dose§: ampicillin-sulbactam 300 mg/kg per 24 h IV
in 4–6 equally divided doses; gentamicin 3 mg/kg per 24 h
IV/IM in 3 equally divided doses; vancomycin 40 mg/kg per
24 h in 2 or 3 equally divided doses; ciprofloxacin 20–30
mg/kg per 24 h IV/PO in 2 equally divided doses

Prosthetic valve (early, <1 y)

Vancomycin 30 mg/kg per 24 h IV in 2 equally divided doses 6 IIbC

plus

Gentamicin sulfate 3 mg/kg per 24 h IV/IM in 3 equally divided doses 2

plus

Cefepime 6 g/24 h IV in 3 equally divided doses 6

plus

Rifampin 900 mg/24 h PO/IV in 3 equally divided doses 6

Pediatric dose: vancomycin 40 mg/kg per 24 h IV in 2 or 3
equally divided doses; gentamicin 3 mg/kg per 24 h IV/IM in
3 equally divided doses; cefepime 150 mg/kg per 24 h IV in
3 equally divided doses; rifampin 20 mg/kg per 24 h PO/IV in
3 equally divided doses

Prosthetic valve (late, >1 y) 6 IIbC Same regimens as listed above for native
valve endocarditis with the addition of
rifampin

Suspected Bartonella, culture negative

Ceftriaxone sodium 2 g/24 h IV/IM in 1 dose 6 IIaB Patients with Bartonella endocarditis should
be treated in consultation with an infectious
diseases specialist

plus

Gentamicin sulfate 3 mg/kg per 24 h IV/IM in 3 equally divided doses 2

with/without

Doxycycline 200 mg/kg per 24 h IV/PO in 2 equally divided doses 6

Documented Bartonella, culture positive

Doxycycline 200 mg/24 h IV or PO in 2 equally divided doses 6 IIaB If gentamicin cannot be given, then replace
with rifampin, 600 mg/24 h PO/IV in 2
equally divided doses (see reference 187 in
full statement)

plus

Gentamicin sulfate 3 mg/kg per 24 h IV/IM in 3 equally divided doses 2

Pediatric dose: ceftriaxone 100 mg/kg per 24 h IV/IM once
daily; gentamicin 3 mg/kg per 24 h IV/IM in 3 equally divided
doses; doxycycline 2–4 mg/kg per 24 h IV/PO in 2 equally
divided doses; rifampin 20 mg/kg per 24 h PO/IV in 2 equally
divided doses

*Dosages recommended are for patients with normal renal function.
†See text and Table 4 for appropriate dosing of gentamicin.
‡See Table 4 for appropriate dosing of vancomycin.
§Pediatric dose should not exceed that of a normal adult.
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fungal endocarditis is a stand-alone indication for surgical
replacement of an infected valve. The second is that ampho-
tericin B, a fungicidal agent, is the drug of choice for fungal
endocarditis. Because of the alarming mortality rate associ-
ated with fungal endocarditis and the availability of newer
antifungal drugs, a reevaluation of these principles seems in
order. If done, however, it will be based on anecdotal
experience and expert opinion rather than on clinical trial data
because of the rarity of the syndrome.

A 2-phase therapy has evolved in recent years. The initial
or induction phase consists of control of infection. Treatment
is a combination of a parenteral antifungal agent, usually an
amphotericin B–containing product, and valve replacement.
Most authorities agree that valve replacement is mandatory
for prosthetic valve infection, regardless of fungal causes. If
the patient survives, then antifungal therapy usually is given
for �6 weeks.

After a clinical response to initial induction therapy,
long-term (lifelong) suppressive therapy with an oral azole
has been used.191,192 Suppressive therapy has been used in 2
populations. First, because of the high relapse rate of fungal
endocarditis and the prolonged delay (years in some cases) in
relapse, oral azoles have been administered after combined
medical and surgical induction therapy. In a second popula-
tion with fungal endocarditis, lifelong oral antifungal sup-
pressive therapy has been given to patients who respond
clinically to induction medical therapy but are not deemed
appropriate surgical candidates for valve replacement for
attempted infection cure. Anecdotal case series191,192 indicate
that infection has been successfully suppressed for months to
years.

Endocarditis in IDUs
Acute infection accounts for �60% of hospital admissions
among IDUs; IE is implicated in 5% to 15% of these
episodes.155 The exact incidence of IE in IDUs is unknown. A
conservative estimate is 1.5 to 3.3 cases per 1000 person-
years,193,194 although 1 nested case-control study demon-
strated that IE incidence was higher among HIV-seropositive
IDUs than among HIV-seronegative IDUs (13.8 versus 3.3
cases per 1000 person-years) after accounting for IDU be-
haviors.195 Injection drug use is the most common risk factor
for development of recurrent native valve IE; 43% of 281
patients with this syndrome surveyed from 1975 to 1986 were
IDUs.196

Mortality associated with IE among HIV-infected patients
is affected by degree of immunosuppression. Patients who
have severe immunosuppression and who meet the criteria for
a diagnosis of AIDS have a higher mortality rate than do
patients who are more immunocompetent.197 HIV infection is
not a contraindication for cardiac surgery, and postoperative
complications, including mortality, are not increased in the
HIV-infected population.198

It has proved difficult to accurately predict the presence of
IE in febrile IDUs,199 especially from history and physical
examination findings alone,200 although cocaine use by IDUs
should heighten the suspicion of IE.201 The most reliable
predictors of IE in febrile IDUs are visualization of vegeta-
tions by echocardiography200,202 and the presence of embolic

phenomena.200 Although the clinical manifestations of IE are
seen in IDUs, several distinctions are worthy of emphasis.
Two thirds of these patients have no clinical evidence of
underlying heart disease, and there is a predilection for the
infection to affect the tricuspid valve. Only 35% of IDUs with
IE demonstrate heart murmurs on admission.155

From 1977 to 1993, among 1529 episodes of IE in IDUs in
Spain, the frequency of valvular involvement was as follows:
tricuspid alone or in combination with others, 73%; aortic
alone, 7%; mitral alone, 6%; and aortic plus mitral, 1.5%.95

Left-sided involvement among IDUs has been more frequent
in some series,203 however, and may be increasing.204 Biven-
tricular and multiple-valve infections occur most commonly
in Pseudomonas endocarditis205 (see section on non-HACEK
Gram-negative endocarditis). Recent analyses have demon-
strated that although S aureus remains the most common
cause of right-sided IE in IDUs, cases of left-sided IE in the
population are caused equally by viridans group streptococci
and S aureus.204

In patients with tricuspid valve infection, 30% have pleu-
ritic chest pain; pulmonary findings may dominate the clini-
cal picture, and the chest roentgenogram will document
abnormalities (eg, infiltrates, effusion) in 75% to 85%.206

Roentgenographic evidence of septic pulmonary emboli is
eventually present in 87% of cases.95,197 Signs of tricuspid
insufficiency (systolic regurgitant murmur louder with inspi-
ration, large V waves, or a pulsatile liver) are present in only
one third of cases. Most (80%) of these patients are 20 to 40
years old and men (4 to 6:1). Almost two thirds have
extravalvular sites of infection, which are helpful in
diagnosis.95,207

Etiology of Endocarditis in IDUs
The organisms responsible for IE in IDUs require separate
consideration because the distribution differs from that in
other patients with IE. Although IE in IDUs usually is caused
by S aureus95 (see section on treatment of staphylococcal
endocarditis), these patients also are at an increased risk for
endocarditis resulting from unusual pathogens, including
Gram-negative bacilli (see section on non-HACEK Gram-
negative endocarditis), polymicrobial infections,95 fungi,189

group B streptococci,208 and S mitis.209 For example, the
frequencies of the etiologic agents isolated before 1977 in 7
major series were as follows210: S aureus, 38%; P aeruginosa,
14.2%; Candida species, 13.8%; enterococci, 8.2%; viridans
streptococci, 6.0%; S epidermidis, 1.7%; Gram-negative aer-
obic bacilli, 1.7% to 15%; other bacteria, 2.2%; mixed
infections, 1.3%; and culture-negative, 12.9%. In addition,
there appears to be an unexplained geographic variation in the
causal agents of IDU-associated IE. S aureus predominated in
New York City, Washington, DC, Chicago, and Cincinnati,
Ohio. P aeruginosa was commonly isolated in Detroit, Mich,
but ORSA now predominates. In the most recent compilation
from Detroit, the distribution of causative agents in IDUs
with IE (n�74) was S aureus, 60.8%; streptococci, 16.2%; P
aeruginosa, 13.5%; polymicrobial, 8.1%; and Corynebacte-
rium JK, 1.4%.155 Polymicrobial endocarditis (up to 8 differ-
ent pathogens have been recovered from blood cultures from
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an individual patient) is fairly common among IDUs, occur-
ring in 3% of 1529 episodes of endocarditis in Spain.95

The emergence of ORSA in IDUs with staphylococcal IE,
first documented in the Detroit area, is disturbing.154,155,211

Among 180 IDUs with bacteremia who were admitted to the
Detroit Medical Center in 1 year, 24% developed ORSA, and
41% of patients overall had IE. Previous hospitalizations,
long-term addiction (particularly in men), and use of nonpre-
scribed antibiotics were predictive of ORSA acquisition
(odds ratio 8.6:1).154

Complications and Their Treatment
Surgical Therapy
Decisions regarding surgical intervention in patients with IE
should be individualized, with input from both the cardiolo-
gist and the cardiovascular surgeon. If a patient with IE is
receiving long-term oral anticoagulation, coumadin therapy
should be discontinued and replaced by heparin immediately
after the diagnosis of IE has been established in the event that
surgical intervention is required.

Patients with IE and CHF, irrespective of the mechanism,
should be immediately evaluated for possible surgical therapy
(Class I, Level of Evidence: B). Despite a higher operative
mortality rate in patients with CHF than in those without
CHF, patients with IE who have CHF and undergo valve
surgery have a substantially reduced mortality rate compared
with those treated with medical therapy alone.212 The inci-
dence of reinfection of newly implanted valves in patients
with active IE is �2% to 3%213,214 and is far less than the
mortality rate for IE and CHF without surgical therapy, which
can be as high as 51%.212 Surgical approaches to CHF caused
by different mechanisms are discussed in the section on CHF.

Other clinical situations in which surgical intervention
should be considered are fungal IE, infection with aggressive
antibiotic-resistant bacteria or bacteria that respond poorly to
antibiotics, left-sided IE caused by Gram-negative bacteria
such as S marcescens and Pseudomonas species, persistent
infection with positive blood cultures after 1 week of antibi-
otic therapy, or 1 or more embolic events during the first 2
weeks of antimicrobial therapy (Class I, Level of Evidence:
B).

Consideration of surgical intervention also is warranted
when there is echocardiographic evidence of valve dehis-
cence, perforation, rupture, or fistula, or a large perivalvular
abscess (Class I, Level of Evidence: B). Other echocardio-
graphic findings that indicate the possible need for surgery
are anterior mitral leaflet vegetation (particularly with size
�10 mm) or persistent vegetation after systemic emboliza-
tion (Class IIa, Level of Evidence: B) and an increase in
vegetation size despite appropriate antimicrobial therapy
(Class IIb, Level of Evidence: C; Table 3). Decision making
regarding the role of surgical intervention to prevent systemic
embolization is complex and must be individualized to the
patient. Benefit is greatest in the early phase of IE, when
embolic rates are highest and other predictors of a compli-
cated course (eg, recurrent embolization and prosthetic valve
endocarditis) are present.54 The greatest risk of embolization
appears to occur with vegetations �10 mm in diameter

occurring on the anterior mitral leaflet51,52 and during the first
1 to 2 weeks of therapy.53

Prosthetic valve IE, particularly early prosthetic valve IE
(�12 months after valve replacement), often is caused by
infection by Staphylococcus species and may be particularly
severe, with perivalvular abscess and valve dehiscence. For
these reasons, surgical intervention is more commonly indi-
cated in prosthetic valve endocarditis than in native valve
infection. Even in patients with prosthetic valve IE, however,
decisions regarding surgical intervention are complex and
depend on many individual factors that vary among patients,
including infective organism, vegetation size, presence of
perivalvular infection, presence of embolism or heart failure,
age, and noncardiac morbidities.

Congestive Heart Failure
Many studies during the past 3 decades have demonstrated
that among the complications of IE, CHF has the greatest
impact on prognosis.212–215 Moderate to severe CHF was
identified as 1 of 5 baseline features that were independently
associated with 6-month mortality in an investigation216 to
validate a prognostic classification system for adults with
complicated left-sided native valve IE. In native valve IE,
acute CHF occurs more frequently in aortic valve infections
(29%) than with mitral (20%) or tricuspid disease (8%).212 In
addition, the degree of tolerance of CHF is valve dependent,
with acute aortic regurgitation being least tolerant and acute
tricuspid regurgitation most tolerant. The tolerance for acute
mitral regurgitation is intermediate. CHF may develop
acutely from perforation of a native or bioprosthetic valve
leaflet, rupture of infected mitral chordae, valve obstruction
by bulky vegetations, or sudden intracardiac shunts from
fistulous tracts or prosthetic dehiscence. Mitral valve preclo-
sure that can be detected by both physical examination and
echocardiography should be screened for in each case.

CHF also may develop more insidiously despite adminis-
tration of appropriate antibiotics as a result of progressive
worsening of valvular insufficiency and ventricular dysfunc-
tion. Patients who have normal ventricular function or only
mild CHF when IE is initially diagnosed may progress to
severe CHF during treatment, and two thirds of these patients
will do so within the first month of therapy.212 CHF in IE,
irrespective of the course or mechanism, portends a grave
prognosis with medical therapy alone and also is the most
powerful predictor of poor outcome with surgical therapy.214

Echocardiographic evaluation of IE patients delineates the
causes and severity of CHF. Ventricular size, wall motion,
and dynamic function can be readily defined and valve
insufficiency quantified. Progressive chamber enlargement,
elevation of pulmonary arterial pressures, and increasing wall
stress on serial evaluation all indicate a trend toward decom-
pensation. Medical and surgical treatment decisions can be
guided by echocardiographic detection of fistulae, prosthetic
dehiscence, obstructive vegetations, or flail leaflets, none of
which will resolve with medical therapy alone. In addition,
detection of myocardial abscess is important because many
will not resolve without surgical intervention. Table 3 lists the
echocardiographic features that suggest the potential need for
surgical intervention.217
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The decision to operate on patients with IE is driven
primarily by severity of CHF. Poor surgical outcome is
predicted by preoperative New York Heart Association Class
III or IV CHF, renal insufficiency, and advanced age. In any
patient, a decision to delay surgery to extend preoperative
antibiotic treatment carries the risk of permanent ventricular
dysfunction and should be discouraged. The incidence of
reinfection of newly implanted valves in patients with active
IE has been estimated to be 2% to 3%,218,219 far less than the
mortality rate for uncontrolled CHF.

Surgical approaches to IE patients with CHF must take into
account the distortion of the valve and its surrounding
structures. Severe valvular disruption usually will require
prosthetic replacement. Ruptured mitral chordae may some-
times be repaired with a combination of leaflet resection,
chordal reattachment or transposition, and annular support.
Leaflet perforations may be repaired with small pericardial
patches if the surrounding leaflet tissue is well preserved and
valve motion can be maintained. Similarly, in selected cases,
discrete vegetations on aortic or mitral leaflets have been
excised along with underlying leaflet tissue (“vegetectomy”)
and repaired with a patch. To date, clinical experience with
vegetation excision has been predominantly limited to mitral
valve IE. Recent experiences in Europe have emphasized the
potential for early valve repairs when feasible, especially in
patients with anterior mitral valve IE and even in the absence of
other conventional indicators for surgical interventions.220–222

This approach has a 2-fold potential benefit: Because �50% of
patients with left-sided native valve IE will require valve
replacement surgery within 10 to 15 years of the IE episode,223

this “preemptive” repair strategy has the advantage of earlier-age
intervention; and this approach may circumvent ultimate valve
replacement requirements, with the attendant risks of long-term
anticoagulation.

Risk of Embolization
Systemic embolization occurs in 22% to 50% of cases of
IE.50,52,224–226 Emboli often involve major arterial beds, in-
cluding the lungs, coronary arteries, spleen, bowel, and
extremities. Up to 65% of embolic events involve the central
nervous system, and �90% of central nervous system emboli
lodge in the distribution of the middle cerebral artery.226 The
highest incidence of embolic complications is seen with
aortic and mitral valve infections and in IE caused by S
aureus, Candida, HACEK, and Abiotrophia organisms. Em-
boli can occur before diagnosis, during therapy, or after
therapy is completed, although most emboli occur within the
first 2 to 4 weeks of antimicrobial therapy.227 Of note, 2
independent studies have confirmed that the rate of embolic
events drops dramatically during or after the first 2 to 3 weeks
of successful antibiotic therapy. In a study from 1991, the
embolic rate dropped from 13 to �1.2 embolic events per
1000 patient-days during that time.52 In a more recent study,
Vilacosta et al227 confirmed the reduced frequency of embo-
lization after 2 weeks of therapy. Moreover, the latter study
reemphasized the increased risk of embolization with increas-
ing vegetation size during therapy, mitral valve involvement,
and staphylococcal causes.

Prediction of individual patient risk for embolization is
extremely difficult. Many studies have attempted to use
echocardiography to identify a high-risk subset of IE patients
who might benefit from early surgery to avoid embolization.
Several studies with TTE have demonstrated a trend toward
higher embolic rates with left-sided vegetations �1 cm in
diameter.50 DeCastro and colleagues225 compared TTE with
multiplane TEE and found that neither technique was helpful
in defining embolic risk in patients with vegetations. In a
study52 based on TEE, mitral vegetations �1 cm in diameter
were associated with the greatest frequency of embolism. The
association was strengthened when analysis was limited to
those patients who had not yet experienced a clinical embolic
event. Another prospective TEE study, however, found no
clear correlation of vegetation size with embolization.54

Overall, these data are compatible with previous observations
that indicate that in general, mitral vegetations of any size are
associated with a higher risk of embolization (25%) than
aortic vegetations (10%). As noted above, the highest em-
bolic risk (37%) has been seen in the subset of patients with
mitral vegetations attached to the anterior rather than the
posterior mitral leaflet.54,58 This suggests that the mechanical
effects of broad and abrupt leaflet excursion, occurring twice
per heartbeat, may contribute to the propensity of a vegetation
to fragment and embolize.

In another study, the effect of vegetation size on embolic
potential was dependent on the infecting organism, with large
vegetations independently predicting embolic events only in
the setting of streptococcal IE.54 In contrast, as confirmed
above by Vilacosta et al,227 staphylococcal or fungal IE
appears to carry a high incidence rate of embolization
independent of vegetation size.

The role of echocardiography in predicting embolic events
has been controversial. In 1 survey228 that included 4 echo-
cardiographers who were blinded to clinical data, interob-
server agreement was mixed on the characterization of
vegetations. Agreement was high for the presence of vegeta-
tion (98%) and involved site (97%); interobserver agreement
was considerably less for vegetation size (73%), mobility
(57%), shape (37%), and attachment (40%).

An increase in vegetation size over 4 to 8 weeks of therapy
as documented by TEE does appear to predict embolic events.
In addition, a second, albeit infrequent, peak of late embolic
events has been observed to occur 15 to 30 weeks after the
diagnosis of IE and has been associated with nonhealing
vegetations (failure of a vegetation to stabilize or diminish in
size) as defined by echocardiography.58

The traditional indications for valvular surgery for IE to
avoid embolization have been �2 major embolic events.229

These criteria are arbitrary and exclude cutaneous emboliza-
tion, which is common, or embolism occurring before the
institution of therapy.229 Because of the observed decreases in
embolic risk during the first 2 weeks of antibiotic therapy, the
benefit of surgery in avoiding catastrophic embolic events is
greatest early in the treatment course of IE. Early surgical
intervention may preclude a primary or recurrent major
embolic event but exposes the patient to both the immediate
and lifelong risks of valve replacement. At this time, the
strategy for surgical intervention to avoid systemic emboli-
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zation in IE remains specific to the individual patient, with
benefit being greatest in the early phase of IE when embolic
rates are highest and other predictors of a complicated course
(ie, recurrent embolization; CHF; aggressive, antibiotic-resis-
tant organisms; or prosthetic valve IE) are present (Table 3).

In one analysis, an embolic event was 1 of 4 early
predictors of in-hospital death caused by IE.230 Other inde-
pendent predictors of death by logistic regression modeling
among 267 consecutive patients with definite or possible IE
by modified Duke criteria were diabetes mellitus, S aureus
infection, and Acute Physiology And Chronic Health Evalu-
ation (APACHE) II score.

Anticoagulation
Anticoagulation in IE patients is controversial, particularly in
mechanical valve endocarditis.231 In general, in patients with
native valve disease, the benefit of anticoagulation has never
been demonstrated convincingly. In contrast, some authori-
ties recommend continuation of therapy in patients with
mechanical prosthetic valve IE; however, the general advice
is to discontinue all anticoagulation in patients with S aureus
prosthetic valve IE who have experienced a recent central
nervous system embolic event for at least the first 2 weeks of
antibiotic therapy.232 This time should allow for thrombus
organization and prevent the acute hemorrhagic transforma-
tion of embolic lesions. Reintroduction of anticoagulation in
these patients should be done with caution, and prothrombin
times should be monitored carefully.

In a follow-up to experimental data that demonstrated a
salutary effect of intravenous aspirin therapy in established
experimental S aureus endocarditis,233 a recent randomized
trial in Canada compared oral aspirin 325 mg/d with placebo
in 115 endocarditis patients. No compelling benefit was
observed, however, in aspirin-treated patients in terms of
vegetation resolution and embolic events.234 Moreover, there
was a trend toward more bleeding episodes in the aspirin-
treated patients. Aspirin levels, a critical correlate of antimi-
crobial efficacy, were not monitored in this study, howev-
er.235 Until further definitive data are available, the routine
use of aspirin for established endocarditis is not recom-
mended (Class III, Level of Evidence: B).

Periannular Extension of Infection
Extension of IE beyond the valve annulus predicts a higher
mortality rate, more frequent development of CHF, and more
frequent cardiac surgery.229,236,237 Perivalvular cavities form
when annular infections break through and spread into
contiguous tissue. In native aortic valve IE, this generally
occurs through the weakest portion of the annulus, which is
near the membranous septum and atrioventricular node.238

The anatomic vulnerability of this area explains both why
abscesses occur in this location and why heart block is a
frequent sequela.237 Periannular extension is common, occur-
ring in 10% to 40% of all native valve IE and complicating
aortic IE more commonly than mitral or tricuspid IE.239–242

Periannular infection is of even greater concern with pros-
thetic valve IE, occurring in 56% to 100% of patients.237,241

Perivalvular abscesses are particularly common with pros-
thetic valves because the annulus, rather than the leaflet, is the

usual primary site of infection.241 Most periannular infections
involving the mitral area are associated with prosthetic mitral
valves.

Under the influence of systemic intravascular pressures,
abscesses may progress to fistulous tracts that create intra-
cardiac or pericardial shunts. The mortality rate was 41% in
1 series243 of patients with aorto-cavitary fistulization despite
surgical intervention in 87%. Multivariate analysis demon-
strated that factors associated with an increased risk of death
included moderate to severe heart failure, prosthetic valve
involvement, and urgent or emergency surgical intervention.
In some cases, progressive periannular infection totally dis-
rupts the ventricular-aortic continuity or the mitral-aortic
trigone. Such structural lesions and intracardiac fistulae may
be catastrophic; even if their hemodynamic impact is toler-
ated, such lesions will not heal with medical treatment alone
and require urgent operative intervention.

Clinical parameters for the diagnosis of perivalvular exten-
sion of IE are inadequate. Persistent bacteremia or fever,
recurrent emboli, heart block, CHF, or a new pathological
murmur in a patient with IE on appropriate antibiotics may
suggest extension.242 Only aortic valve involvement and
recent injection drug use have been prospectively identified
as independent risk factors for perivalvular abscess.236 On
ECG, new atrioventricular block has a positive predictive
value of 88% for abscess formation but low (45%)
sensitivity.237

Patients at risk for perivalvular extension of IE require
prompt evaluation. The size of vegetations is not helpful for
predicting perivalvular extension.236 The sensitivity of TTE
for detecting perivalvular abscess is low (18% to 63% in
prospective and retrospective studies, respectively).244,245

TEE dramatically improves sensitivity for defining periannu-
lar extension of IE (76% to 100%) while retaining excellent
specificity (95%) and positive and negative predictive values
(87% and 89%, respectively).49,246 When combined with
spectral and color Doppler techniques, TEE can demonstrate
the distinctive flow patterns of fistulae and pseudoaneurysms
and can rule out communications from unruptured abscess
cavities. Because of these combined capabilities, TEE is the
modality of choice for the initial assessment of any patient
suspected of having perivalvular extension of IE (Class I,
Level of Evidence: A).

A small number of patients with periannular extension of
infection or myocardial abscess may be treated successfully
without surgical intervention.247,248 These patients potentially
include those who have smaller (�1 cm) abscesses and who
do not have complications such as heart block, echocardio-
graphic evidence of progression of abscess during therapy,
valvular dehiscence, or insufficiency. Such patients should be
monitored closely with serial TEE; TEE should be repeated at
intervals of 2, 4, and 8 weeks after completion of antimicro-
bial therapy.

Surgery for patients with perivalvular extension of IE is
directed toward eradication of the infection, as well as
correction of hemodynamic abnormalities. Drainage of ab-
scess cavities, excision of necrotic tissue, and closure of
fistulous tracts often accompany valve replacement sur-
gery.249 Although valve replacement is usually required, it
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may be complicated in the face of extensive destruction of the
periannular supporting tissues. Under these conditions, hu-
man aortic homografts, when available, can be used to
replace the damaged aortic valve, as well as to reconstruct the
damaged aorta.250,251 Homografts have a constant but low
incidence rate of development of sewing-ring infections and
mural IE, possibly related to the improved penetration of
antibiotics.252 Some groups have recently advocated the use
of “stentless” or “ministented” aortic valve prostheses with
debridement in the same clinical scenario, particularly if
homografts are not readily available.253

Splenic Abscess
Splenic abscess is a well-described but rare complication of
IE. This infection develops by 1 of 2 mechanisms: bacteremic
seeding of a bland infarction, created via splenic arterial
occlusion by embolized vegetations, or direct seeding of the
spleen by an infected embolus also originating from an
infected valvular vegetation. Although splenic infarction is a
common complication of left-sided IE (�40% of cases), it is
estimated that only �5% of patients with splenic infarction
will develop splenic abscess.254–256 Reflecting their overall
high frequencies in IE, viridans streptococci and S aureus
each account for �40% of cases in which splenic abscess
cultures are positive, whereas enterococci account for 15% of
cases. Aerobic Gram-negative bacilli and fungi are isolated in
�5% of cases. Clinical splenomegaly, which is present in up
to 30% of cases of IE, is not a reliable sign of splenic
infarction or abscess. Splenic infarction delineated by imag-
ing techniques often is asymptomatic256; pain in the back, left
flank, or left upper quadrant, or abdominal tenderness may be
associated with either splenic infarction or abscess.257,258

Splenic rupture with hemorrhage is a rare complication of
infarction. Persistent or recurrent bacteremia, persistent fever,
or other signs of sepsis are suggestive of splenic abscess, and
patients with these findings should be evaluated via one or
more of the imaging studies discussed below.

Abdominal CT and MRI appear to be the best tests for
diagnosing splenic abscess, with both sensitivities and spec-
ificities ranging from 90% to 95%. On CT, splenic abscess is
frequently seen as single or multiple contrast-enhancing
cystic lesions, whereas infarcts typically are peripheral low-
density, wedge-shaped areas. On ultrasonography, a sonolu-
cent lesion suggests abscess. 99mTc liver-spleen scans, labeled
white blood cell scans, and gallium scans have become
obsolete in the diagnosis of splenic abscess.

Differentiation of splenic abscess from bland infarction
may be difficult. Infarcts generally are associated with clin-
ical and radiographic improvement during appropriate anti-
biotic therapy. Ongoing sepsis, recurrent positive blood
cultures, and persistence or enlargement of splenic defects on
CT or MRI suggest splenic abscess, which responds poorly to
antibiotic therapy alone. Definitive treatment is splenectomy
with appropriate antibiotics, and this should be performed
immediately unless urgent valve surgery also is planned.
Percutaneous drainage or aspiration of splenic abscess has
been performed successfully,259,260 and this procedure may be
an alternative to splenectomy for the patient who is a poor
surgical candidate. A recent report emphasized the use of

laparoscopic splenectomy as an alternative to formal laparot-
omy approaches.261 If possible, splenectomy should be per-
formed before valve replacement surgery to mitigate the risk
of infection of the valve prosthesis as a result of the
bacteremia from the abscess.

Mycotic Aneurysms
Mycotic aneurysms (MAs) are uncommon complications of
IE that result from septic embolization of vegetations to the
arterial vasa vasorum or the intraluminal space, with subse-
quent spread of infection through the intima and outward
through the vessel wall. Arterial branching points favor the
impaction of emboli and are the most common sites of
development of MAs. MAs caused by IE occur most fre-
quently in the intracranial arteries, followed by the visceral
arteries and the arteries of the upper and lower
extremities.262,263

Intracranial MAs
Neurological complications develop in 20% to 40% of
patients with IE.226,263 Intracranial MAs (ICMAs) represent a
relatively small but extremely dangerous subset of these
complications. The overall mortality rate among IE patients
with ICMAs is 60%. Among patients with unruptured
ICMAs, the mortality rate is 30%; in patients with ruptured
ICMAs, the mortality rate approaches 80%.264,265 The re-
ported occurrence of ICMAs in 1.2% to 5% of cases265–268 is
probably underestimated because some ICMAs remain
asymptomatic and resolve with antimicrobial therapy. Strep-
tococci and S aureus account for �50% and �10% of cases,
respectively,256,268 and are seen with increased frequency
among IDUs with IE.268 The distal middle cerebral artery
branches are most often involved, especially the bifurcations.
ICMAs occur multiply in 20% of cases267; mortality rates are
similar for multiple or single distal ICMAs. The mortality rate
for patients with proximal ICMAs is �50%.269

The clinical presentation of patients with ICMAs is highly
variable. Patients may develop severe headache, altered
sensorium, or focal neurological deficits such as hemianopsia
or cranial neuropathies; neurological signs and symptoms are
nonspecific and may suggest a mass lesion or an embolic
event.264,267 Some ICMAs leak slowly before rupture and
produce mild meningeal irritation. Frequently, the spinal fluid
in these patients is sterile, and it usually contains erythro-
cytes, leukocytes, and elevated protein. In other patients,
there are no clinically recognized premonitory findings be-
fore sudden subarachnoid or intraventricular hemorrhage.264

In the absence of clinical signs or symptoms of ICMAs,
routine screening with imaging studies is not warranted.
Symptomatic cerebral emboli frequently but not invariably
precede the finding of an ICMA.269 Accordingly, imaging
procedures to detect ICMAs are indicated in IE patients with
localized or severe headaches; “sterile” meningitis, especially
if erythrocytes or xanthochromia is present; or focal neuro-
logical signs.

Noncontrast CT may provide useful initial information in
patients who are suspected of having an ICMA.270 This
technique has a sensitivity of 90% to 95% for intracerebral
bleeding and may indirectly identify the location of the MA.
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Magnetic resonance angiography (MRA; noncontrast or con-
trast enhanced) and contrast-enhanced computed tomography
angiography (CTA) are noninvasive methods used to detect
ICMAs. Although these methods may someday replace con-
ventional catheter angiography, at present they should be
considered screening techniques. CTA can be performed
more rapidly than MRA, although the contrast load may be
substantial, which is a significant concern in patients with
renal insufficiency and/or CHF. These methods have similar
sensitivity and specificity (90% to 95%) for detecting ICMAs,
although rapid improvements in technology continue to advance
both techniques. Both techniques also are far less accurate in
identification of small (�5 mm) aneurysms.270,271

Conventional cerebral angiography remains the diagnostic
imaging test for diagnosing ICMAs.266 The accuracy of this
method recently has been enhanced by the use of a
3-dimensional rotation technique that improves spatial reso-
lution in comparison with conventional 2-dimensional tech-
nology.272 In most cases, MRI/MRA or CT/CTA can provide
sufficient information to identify and monitor intracranial
aneurysms. Conventional angiography is required when sus-
picion remains and the results of less-invasive studies are
negative, particularly in the context of small (�5 mm)
ICMAs.

ICMAs may heal with medical therapy. Bingham273 re-
ported that ICMAs resolved between initial and follow-up
angiography in 52% of patients treated with effective antibi-
otic therapy. A decrease in ICMA size was observed in an
additional 29% of patients. In 19% of patients, however,
ICMA increased in size by the time of the second angiogram,
and in 10%, a new ICMA was discovered. Although it is clear
that in many patients, ICMAs treated with antibiotics alone
will heal, in others, rupture may lead to significant morbidity
or death. The risk of intervention is affected by the patient’s
age, underlying comorbid conditions, and the location of the
ICMA. Currently, no data precisely identify patients at risk
for “imminent rupture,” and decisions concerning medical
versus surgical therapy must be individualized. It is generally
believed that a single ICMA distal to the first bifurcation of
a major artery (eg, middle cerebral artery) should be moni-
tored with frequent serial imaging (CTA, MRA, or conven-
tional angiography) and treated promptly if the aneurysm
enlarges or bleeds.265 Multiple ICMAs present a complex
problem and should be monitored closely. ICMAs that occur
proximal to the first bifurcation are less amenable to surgical
excision. Such ICMAs frequently arise from major vessels,
and ligation may result in severe neurological deficits. As
with distal aneurysms, proximal lesions should be monitored
with serial neuroimaging, and if signs of enlargement or
leakage develop, intervention should be strongly considered.
Occasionally, proximal ICMAs stabilize and form a thrombus
with antimicrobial therapy.

More recently, endovascular treatment of ICMAs has been
used as an alternative to surgical clipping or ligation. The
less-invasive nature of endovascular treatment is an advan-
tage, permitting the treatment of patients who might other-
wise be poor candidates for intervention. Several recent case
series have reported that this treatment can be used success-
fully in IE-related aneurysms. For example, Chapot et al274

recently reviewed their experiences with endovascular treat-
ment in 18 ICMAs among 14 IE patients in France; most
ICMAs were located within the distal cerebral circulation.
Late follow-up cerebral angiography with cyanoacrylate,
autologous clots, and detachable or fibered coils showed
stable aneurysm occlusion, and 10 of 14 patients experienced
a normal long-term neurological outcome.

Some patients with IE require both cardiac valve replace-
ment and ICMA ligation. Although data are limited in this
situation, an approach that uses staged procedures, with the
more severe problem dictating the procedure to be performed
first, has been suggested. A bioprosthetic valve, which does
not require that the patient receive anticoagulant therapy, may
be preferable to a mechanical valve under this circumstance.
To prevent hemorrhagic complications, it has been suggested
that valve surgery be delayed for a minimum of 2 weeks after
either a central nervous system embolic event or bleed or
repair of ICMAs.

Extracranial MAs
Intrathoracic or intra-abdominal MAs often are asymptomatic
until leakage or rupture occurs. Presumably, most extracra-
nial MAs (ECMAs) will rupture if not excised. The appear-
ance of a tender, pulsatile mass in a patient with IE should
suggest an ECMA. Hematemesis, hematobilia, and jaundice
suggest rupture of a hepatic artery MA; arterial hypertension
and hematuria suggest rupture of a renal MA; and massive
bloody diarrhea suggests the rupture of an ECMA into the
small or large bowel.

Proximal and distal ligation with excision of all infected
material is ideal but generally not feasible. Moreover, the risk
of reinfection and rupture of interposed vascular grafts is
high. Revascularization usually is established via extra-
anatomic routes through uninfected tissue planes. Autologous
venous grafts have a lower risk of recurrent infection than do
synthetic materials.275,276 Long-term suppressive oral antimi-
crobial therapy may be desirable in patients at high risk of
recurrence of infection, such as those with interposed vascu-
lar grafts in infected areas.

Despite improved diagnostic techniques and more aggres-
sive surgical therapy, the mortality rate among patients with
IE and ECMA is high and is attributable to suture-line
infection with vessel or graft rupture. For most patients,
however, surgical intervention represents the only hope for
radical cure of ECMAs and an improved chance of survival.

Outpatient Therapy
Outpatient parenteral antibiotic therapy (OPAT) has been
shown to be efficacious, safe, and cost-effective for a variety
of chronic infections that require prolonged parenteral ther-
apy in selected patients who otherwise do not require hospi-
talization. Antibiotic regimens recommended for endocarditis
require �2 weeks of therapy, usually by the intravenous
route. Absorption of orally administered antimicrobial agents
may be unreliable and is generally not recommended for the
treatment of endocarditis, especially during the initial phase
of therapy. Economic pressures have encouraged shorter
hospital stays for endocarditis patients either by use of shorter
courses of intravenous antimicrobial therapy for selected
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indications or outpatient administration of intravenous anti-
biotic therapy. Indeed, in a review of the experience from the
OPAT Outcome Registry of 7800 patients treated at 24 US
medical centers since 1966, Tice277 reported in 2001 that 198
patients received a diagnosis of endocarditis. At present,
however, there is no controlled experience comparing out-
comes of inpatient versus outpatient parenteral antimicrobial
therapy for endocarditis.

Monteiro and Cobbs278 reviewed 14 studies of OPAT for
endocarditis published in the English-language medical litera-
ture; of a total of 277 patients, 223 were available for clinical
assessment at the end of therapy. The authors concluded that
patients with penicillin-susceptible viridans streptococcal endo-
carditis (penicillin MIC �0.1 �g/mL) whose disease was appar-
ent for �3 months and who had no important complications at
the time of admission generally did well with outpatient intra-
venous therapy (ie, 2 weeks of �-lactam plus an aminoglycoside
or 4 weeks of a �-lactam such as ceftriaxone) alone.

The timing for transition from inpatient intravenous antibiotic
therapy to OPAT and patient exclusions have been critically
evaluated by Andrews and von Reyn279 after 2 of their patients
died while receiving OPAT. The guidelines they developed are
based on the local availability of medical care in the outpatient
setting and risk factors and timing of potential adverse outcomes
that would be best managed in the inpatient setting.

Before considering outpatient therapy, most patients with
IE should first be evaluated and stabilized in the hospital;
only rarely can some patients be treated entirely as outpa-
tients. Patients selected for the administration of parenteral
therapy at home should be at low risk for the complications of
endocarditis, the most frequent of which are CHF and
systemic emboli. The period of greatest risk for systemic
emboli is before or within the first 1 to 2 weeks of antimi-
crobial therapy. CHF and rupture of an MA may develop
weeks to months after antimicrobial therapy, however. The
presence of poorly controlled CHF, neurological findings that may
result from systemic emboli or bleeding MAs, cardiac conduction
abnormalities, valve ring abscesses (usually detected by TEE),
persistent fever, positive blood cultures, and (usually) prosthetic
valve endocarditis should preclude home intravenous therapy.

Although the risk for embolic events usually wanes after 2
weeks of antimicrobial therapy, the risk for drug-related side
effects usually increases with increased time of drug exposure
(eg, vestibular, auditory, and nephrotoxicity from aminogly-
cosides,280 leukopenia and thrombocytopenia from �-lactams
and vancomycin, and nephrotoxicity from the combination of
vancomycin and gentamicin) and requires close observation
by the home infusion team and experienced physicians.

Although a 2-week inpatient regimen of nafcillin plus
gentamicin for uncomplicated S aureus right-sided endocar-
ditis, which usually occurs in IDUs, has been shown to be
effective, outpatient therapy for IDUs may be problematic
because of compliance difficulties and misuse of intravenous
access in this population.

The following criteria are essential for an effective OPAT
program:

● A reliable support system at home and easy access to a hospital
for prompt reevaluation by an experienced physician should a

complication develop, such as recurrence of fever, symptoms of
a cardiac arrhythmia, CHF, or a neurological event

● Regular visits by a home infusion nurse who carefully
monitors the patient for early detection of complications,
failure to respond to therapy, problems with adherence to
therapy, or complications (eg, infection, leakage, displace-
ment) directly related to the antibiotics or intravenous access

● Regular visits (eg, on a weekly basis) with an experienced
physician to assess clinical status while receiving OPAT

Other criteria that should be considered when treating
patients with OPAT are outlined elsewhere.281

Care at Completion of Treatment
Short-Term Follow-Up
The majority of patients with IE are cured with appropriate
medical and, if necessary, surgical treatment. Before
completing antimicrobial therapy, the patient should re-
ceive TTE (Class IIb, Level of Evidence: C) to establish a
new baseline for subsequent comparison (Table 16). A
referral to a program to assist in cessation of drug use
should be made for IDU patients. Patients should be
educated about the signs of endocarditis and urged to seek
immediate medical attention should they occur. A thor-
ough dental evaluation should be obtained and all active
sources of oral infection should be eradicated. All cathe-
ters used to infuse antimicrobial treatment should be
promptly removed at the end of therapy.

In the short-term follow-up, patients should be monitored
for development of several complications (Table 16). A
relapse of endocardial infection is a primary concern. Patients
should be aware that relapses can occur and that new onset of
fever, chills, or other evidence of systemic toxicity mandates
immediate evaluation, including obtaining �3 sets of blood
cultures from different phlebotomy sites after a thorough
history and physical examination. Every effort should be
made to determine the cause of relapsing symptoms of
systemic toxicity and to avoid prescribing empiric antibiotic
therapy for an undefined febrile illness. Other patients who
have completed therapy and do not have symptoms of
systemic toxicity should undergo an examination during the
first month after completing antibiotic therapy.

Developing or worsening CHF is a second complication
that must be considered during short-term follow-up.
Although new onset of CHF caused by valvular dysfunc-
tion is unlikely during this period, valvular competency
can deteriorate and may result from ongoing infection
or stress unrelated to infection on a malfunctioning dy-
namic cardiac structure. In addition to physical examina-
tion, echocardiographic findings can support this diagno-
sis. If CHF develops or worsens, the patient should be
evaluated immediately for cardiac and cardiothoracic
surgery.

Antibiotic toxicity can occur after completing treatment
and is the third complication that must be considered
during short-term follow-up. Two drug-related adverse
events are concerns. The first is delayed toxicity because
of the previous use of aminoglycosides. Audiological and
vestibular toxicity can develop despite the maintenance of

e424 Circulation June 14, 2005

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


appropriate serum drug concentrations during treatment.
Serial audiograms should be performed during therapy
(Class IIb, Level of Evidence: C). No tools are routinely
available for monitoring vestibular function, and patients
should be told to report the onset of any symptoms of
vestibular toxicity during or after treatment.

The second antibiotic-related adverse event is diarrhea
and colitis caused by the overgrowth of Clostridium
difficile and toxin. Onset of diarrhea can be delayed as long
as 4 weeks after the last dose of antibiotic. Early treatment
of C difficile colitis can prevent the development of
colitis-related complications.

Long-Term Follow-Up
Months to years after completion of medical therapy for IE,
patients need ongoing observation and education regarding
recurrent infection and delayed onset of worsening valvular
dysfunction (Table 16). Ongoing daily dental hygiene should be
stressed, with serial evaluations by a dentist who is familiar with
this patient population. Patients should be questioned about the
symptoms of decreased cardiac output and CHF. A thorough
cardiac examination will be needed. Additional evaluations with
TTE will be necessary in selected patients with positive findings
from history and physical examination. Patients must be re-
minded to seek immediate medical evaluation for fever (Table
16). This is necessary because IE can mimic a panoply of febrile
illnesses. Antibiotic therapy should not be initiated for treatment
of undefined febrile illnesses without obtaining previous blood
cultures. Antibiotics prescribed for nonspecific or unproved
febrile syndromes are the major cause of (blood) culture-
negative endocarditis and should be strongly discouraged.
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TABLE 15. Epidemiological Clues in Etiological Diagnosis of
Culture-Negative Endocarditis

Epidemiological Feature Common Microorganism(s)

Injection drug use S aureus, including community-acquired
oxacillin-resistant strains
Coagulase-negative staphylococci
�-Hemolytic streptococci
Fungi
Aerobic Gram-negative bacilli, including
Pseudomonas aeruginosa
Polymicrobial

Indwelling cardiovascular medical
devices

S aureus
Coagulase-negative staphylococci
Fungi
Aerobic Gram-negative bacilli
Corynebacterium sp

Genitourinary disorders, infection,
manipulation, including pregnancy,
delivery, and abortion

Enterococcus sp
Group B streptococci (S agalactiae)
Listeria monocytogenes
Aerobic Gram-negative bacilli
Neisseria gonorrhoeae

Chronic skin disorders, including
recurrent infections

S aureus
�-Hemolytic streptococci

Poor dental health, dental
procedures

Viridans group streptococci
“Nutritionally variant streptococci”
Abiotrophia defectiva
Granulicatella sp
Gemella sp
HACEK organisms

Alcoholism, cirrhosis Bartonella sp
Aeromonas sp
Listeria sp
S pneumoniae
�-Hemolytic streptococci

Burn patients S aureus
Aerobic Gram-negative bacilli, including P
aeruginosa
Fungi

Diabetes mellitus S aureus
�-Hemolytic streptococci
S pneumoniae

Early (�1 y) prosthetic valve
placement

Coagulase-negative staphylococci
S aureus
Aerobic Gram-negative bacilli
Fungi
Corynebacterium sp
Legionella sp

Late (�1 y) prosthetic valve
placement

Coagulase-negative staphylococci
S aureus
Viridans group streptococci
Enterococcus species
Fungi
Corynebacterium sp

Dog–cat exposure Bartonella sp
Pasteurella sp
Capnocytophaga sp

Contact with contaminated milk or
infected farm animals

Brucella sp
Coxiella burnetii
Erysipelothrix sp

Homeless, body lice Bartonella sp

AIDS Salmonella sp
S pneumoniae
S aureus

Pneumonia, meningitis S pneumoniae

Solid organ transplant S aureus
Aspergillus fumigatus
Enterococcus sp
Candida sp

Gastrointestinal lesions S bovis
Enterococcus sp
Clostridium septicum

TABLE 16. Care During and After Completion of
Antimicrobial Treatment

Initiate before or at completion of therapy

Obtain transthoracic echocardiogram to establish new baseline

Drug rehabilitation referral for patients who use illicit injection drugs

Educate regarding signs of endocarditis, need for antibiotic prophylaxis
for certain dental/surgical/invasive procedures

Thorough dental evaluation and treatment if not performed earlier in
evaluation

Prompt removal of IV catheter at completion of antimicrobial therapy

Short-term follow-up

Obtain at least 3 sets of blood cultures from separate sites for any febrile
illness and before initiation of antibiotic therapy

Physical examination for evidence of congestive heart failure

Evaluate for toxicity resulting from current/previous antimicrobial therapy

Long-term follow-up

Obtain at least 3 sets of blood cultures from separate sites for any febrile
illness and before initiation of antibiotic therapy

Evaluation of valvular and ventricular function (echocardiography)

Scrupulous oral hygiene and frequent dental professional office visits
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V, Almirante B, Pahissa A. Brief communication: treatment of Entero-

coccus faecalis endocarditis with ampicillin plus ceftriaxone. Ann Intern
Med. 2007;146:574–579.

137. Geraci JE, Wilson WR. Symposium on infective endocarditis, III: endo-
carditis due to gram-negative bacteria. Report of 56 cases. Mayo Clin
Proc. 1982;57:145–148.

138. Cohen PS, Maguire JH, Weinstein L. Infective endocarditis caused by
gram-negative bacteria: a review of the literature, 1945–1977. Prog
Cardiovasc Dis. 1980;22:205–242.

139. Pelletier LL Jr, Petersdorf RG. Infective endocarditis: a review of 125
cases from the University of Washington Hospitals, 1963–72. Medicine.
1977;56:287–313.

140. Pedersen FK, Petersen EA. Bacterial endocarditis at Blegdamshospitalet
in Copenhagen 1944–1973. Scand J Infect Dis. 1976;8:99–105.

141. Kim EL, Ching DL, Pien FD. Bacterial endocarditis at a small com-
munity hospital. Am J Med Sci. 1990;299:87–93.

142. Snyder N, Atterbury CE, Pinto Correia J, Conn HO. Increased con-
currence of cirrhosis and bacterial endocarditis. A clinical and post-
mortem study. Gastroenterology. 1977;73:1107–1113.

143. Komshian SV, Tablan OC, Palutke W, Reyes MP. Characteristics of
left-sided endocarditis due to Pseudomonas aeruginosa in the Detroit
Medical Center. Rev Infect Dis. 1990;12:693–702.

144. Carruthers MM. Endocarditis due to enteric bacilli other than Salmo-
nellae: case reports and literature review. Am J Med Sci. 1977;273:
203–211.

145. Schneider PJ, Nernoff J III, Gold JA. Acute Salmonella endocarditis.
Report of a case and review. Arch Intern Med. 1967;120:478–486.

146. Mills J, Drew D. Serratia marcescens endocarditis: a regional illness
associated with intravenous drug abuse. Ann Intern Med. 1976;84:
29–35.

147. Cooper R, Mills J. Serratia endocarditis: a follow-up report. Arch Intern
Med. 1980;140:199–202.

148. Joly V, Pangon B, Vallois JM, Abel L, Brion N, Bure A, Chau NP,
Contrepois A, Carbon C. Value of antibiotic levels in serum and cardiac
vegetations for predicting antibacterial effect of ceftriaxone in experi-
mental Escherichia coli endocarditis. Antimicrob Agents Chemother.
1987;31:1632–1639.

149. Rodriguez C, Olcoz MT, Izquierdo G, Moreno S. Endocarditis due to
ampicillin-resistant nontyphoid Salmonella: cure with a third-generation
cephalosporin. Rev Infect Dis. 1990;12:817–819.

150. Mentec H, Vallois JM, Bure A, Saleh-Mghir A, Jehl F, Carbon C.
Piperacillin, tazobactam, and gentamicin alone or combined in an endo-
carditis model of infection by a TEM-3-producing strain of Klebsiella
pneumoniae or its susceptible variant. Antimicrob Agents Chemother.
1992;36:1883–1889.

151. Caron F, Gutmann L, Bure A, Pangon B, Vallois JM, Pechinot A,
Carbon C. Ceftriaxone-sulbactam combination in rabbit endocarditis
caused by a strain of Klebsiella pneumoniae producing extended-broad-
spectrum TEM-3 beta-lactamase. Antimicrob Agents Chemother. 1990;
34:2070–2074.

152. Potel G, Caillon J, Fantin B, Raza J, Le Gallou F, Lepage JY, Le Conte
P, Bugnon D, Baron D, Drugeon H. Impact of dosage schedule on the
efficacy of gentamicin, tobramycin, or amikacin in an experimental
model of Serratia marcescens endocarditis: in vitro-in vivo correlation.
Antimicrob Agents Chemother. 1991;35:111–116.

153. Potel G, Caillon J, Le Gallou F, Bugnon D, Le Conte P, Raza J, Lepage
JY, Baron D, Drugeon H. Identification of factors affecting in vivo
aminoglycoside activity in an experimental model of gram-negative
endocarditis. Antimicrob Agents Chemother. 1992;36:744–750.

154. Bassetti S, Battegay M. Staphylococcus aureus infections in injection
drug users: risk factors and prevention strategies. Infection. 2004;32:
163–169.

155. Levine DP, Crane LR, Zervos MJ. Bacteremia in narcotic addicts at the
Detroit Medical Center, II: infectious endocarditis. A prospective com-
parative study. Rev Infect Dis. 1986;8:374–396.

156. Reyes MP, Brown WJ, Lerner AM. Treatment of patients with
Pseudomonas endocarditis with high dose aminoglycoside and carben-
icillin therapy. Medicine. 1978;57:57–67.

157. Reyes MP, Lerner AM. Current problems in the treatment of infective
endocarditis due to Pseudomonas aeruginosa. Rev Infect Dis. 1983;5:
314–321.

158. Wieland M, Lederman MM, Kline-King C, Keys TF, Lerner PI, Bass
SN, Chmielewski R, Banks VD, Ellner JJ. Left-sided endocarditis due to
Pseudomonas aeruginosa: a report of 10 cases and review of the lit-
erature. Medicine. 1986;65:180–189.

Baddour et al Infective Endocarditis: Diagnosis and Management e431

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


159. Noriega ER, Rubinstein E, Simberkoff MS, Rahal JJ. Subacute and
acute endocarditis due to Pseudomonas cepacia in heroin addicts.
Am J Med. 1975;59:29–36.

160. Hughes CF, Noble N. Vegetectomy: an alternative surgical treatment for
infective endocarditis of the atrioventricular valves in drug addicts.
J Thorac Cardiovasc Surg. 1988;95:857–861.

161. Arbulu A, Thoms NW, Chiscano A, Wilson RF. Total tricuspid valvu-
lectomy without replacement in the treatment of Pseudomonas endo-
carditis. Surg Forum. 1971;22:162–164.

162. Mammana RB, Levitsky S, Sernaque D, Beckman CB, Silverman NA.
Valve replacement for left-sided endocarditis in drug addicts. Ann
Thorac Surg. 1983;35:436–441.

163. Bayer AS, Hirano L, Yih J. Development of beta-lactam resistance and
increased quinolone MICs during therapy of experimental Pseudomonas
aeruginosa endocarditis. Antimicrob Agents Chemother. 1988;32:
231–235.

164. Jimenez-Lucho VE, Saravolatz LD, Medeiros AA, Pohlod D. Failure of
therapy in Pseudomonas endocarditis: selection of resistant mutants.
J Infect Dis. 1986;154:64–68.

165. Parr TR Jr, Bayer AS. Mechanisms of aminoglycoside resistance in
variants of Pseudomonas aeruginosa isolated during treatment of exper-
imental endocarditis in rabbits. J Infect Dis. 1988;158:1003–1010.

166. Hessen MT, Pitsakis PG, Levison ME. Absence of a postantibiotic effect
in experimental Pseudomonas endocarditis treated with imipenem, with
or without gentamicin. J Infect Dis. 1988;158:542–548.

167. Bayer AS, Park S, Ramos MC, Nast CC, Eftekhar F, Schiller NL.
Effects of alginase on the natural history and antibiotic therapy of
experimental endocarditis caused by mucoid Pseudomonas aeruginosa.
Infect Immun. 1992;60:3979–3985.

168. Daikos GL, Kathpalia SB, Lolans VT, Jackson GG, Fosslien E.
Long-term oral ciprofloxacin: experience in the treatment of incurable
infective endocarditis. Am J Med. 1988;84:786–790.

169. Pefanis A, Giamarellou H, Karayiannakos P, Donta I. Efficacy of cefta-
zidime and aztreonam alone or in combination with amikacin in exper-
imental left-sided Pseudomonas aeruginosa endocarditis. Antimicrob
Agents Chemother. 1993;37:308–313.

170. Fichtenbaum CJ, Smith MJ. Treatment of endocarditis due to
Pseudomonas aeruginosa with imipenem. Clin Infect Dis. 1992;14:
353–354.

171. Jackman JD Jr, Glamann DB. Gonococcal endocarditis: twenty-five year
experience. Am J Med Sci. 1991;301:221–230.

172. Jurica JV, Bomzer CA, England AC III. Gonococcal endocarditis: a case
report and review of the literature. Sex Transm Dis. 1987;14:231–233.

173. Wall TC, Peyton RB, Corey GR. Gonococcal endocarditis: a new look
at an old disease. Medicine. 1989;68:375–380.

174. Heiddal S, Sverrisson JT, Yngvason FE, Cariglia N, Kristinsson KG.
Native-valve endocarditis due to Neisseria sicca: case report and review.
Clin Infect Dis. 1993;16:667–670.

175. Ingram RJ, Cornere B, Ellis-Pegler RB. Endocarditis due to Neisseria
mucosa: two case reports and review. Clin Infect Dis. 1992;15:321–324.

176. Wong JD, Janda JM. Association of an important Neisseria species,
Neisseria elongata subsp nitroreducens, with bacteremia, endocarditis,
and osteomyelitis. J Clin Microbiol. 1992;30:719–720.

177. Wiesner PJ, Handsfield HH, Holmes KK. Low antibiotic resistance of
gonococci causing disseminated infection. N Engl J Med. 1973;288:
1221–1222.

178. Weiss PJ, Kennedy CA, McCann DF, Hill HE, Oldfield EC III. Ful-
minant endocarditis due to infection with penicillinase-producing
Neisseria gonorrhoeae. Sex Transm Dis. 1992;19:288–290.

179. Von Reyn CF, Levy BS, Arbeit RD, Friedland G, Crumpacker CS.
Infective endocarditis: an analysis based on strict case definitions. Ann
Intern Med. 1981;94:505–518.

180. Washington JA. The microbiologic diagnosis of infective endocarditis. J
Antimicrob Chemother. 1987;20:29–36.

181. Werner AS, Cobbs CG, Kaye D, Hook EW. Studies on the bacteremia
of bacterial endocarditis. JAMA. 1967;202:199–203.

182. Werner M, Andersson R, Olaison L, Hogevik H. A clinical study of
culture-negative endocarditis. Medicine. 2003;82:263–273.

183. Hoen B, Selton-Suty C, Lacassin F, Etienne J, Briancon S, Leport C,
Canton P. Infective endocarditis in patients with negative blood cultures:
analysis of 88 cases from a one-year nationwide survey in France. Clin
Infect Dis. 1995;20:501–506.

184. Berbari EF, Cockerill FR III, Steckelberg JM. Infective endocarditis due
to unusual or fastidious microorganisms. Mayo Clin Proc. 1997;72:
532–542.

185. Pazin GJ, Saul S, Thompson ME. Blood culture positivity: suppression
by outpatient antibiotic therapy in patients with bacterial endocarditis.
Arch Intern Med. 1982;142:263–268.

186. Tunkel AR, Kaye D. Endocarditis with negative blood cultures. N Engl
J Med. 1992;20:1215–1217.

187. Rolain JM, Brouqui P, Koehler JE, Maguina C, Dolan MJ, Raoult D.
Recommendations for treatment of human infections caused by Bar-
tonella species. Antimicrob Agents Chemother. 2004;48:1921–1933.

188. Hojnik M, George J, Ziporen L, Shoenfeld Y. Heart valve involvement
(Libman-Sacks endocarditis) in the antiphospholipid syndrome. Circu-
lation. 1996;93:1579–1587.

189. Pierrotti LC, Baddour LM. Fungal endocarditis, 1995–2000. Chest.
2002;122:302–310.

190. Ellis ME, Al-Abdely H, Sandridge A, Greer W, Ventura W. Fungal
endocarditis: evidence in the world literature, 1965-1995. Clin Infect
Dis. 2001;32:50–62.

191. Nguyen MH, Nguyen ML, Yu VL, McMahon D, Keys TF, Amidi M.
Candida prosthetic valve endocarditis: prospective study of six cases
and review of the literature. Clin Infect Dis. 1996;22:262–267.

192. Baddour LM; Infectious Diseases Society of America’s Emerging
Infections Network. Long-term suppressive antimicrobial therapy for
intravascular device-related infections. Am J Med Sci. 2001;322:
209–212.

193. Reisberg BE. Infective endocarditis in the narcotic addict. Prog Car-
diovasc Dis. 1979;22:193–204.

194. Wilson LE, Thomas DL, Astemborski J, Freedman TL, Vlahov D.
Prospective study of infective endocarditis among injection drug users.
J Infect Dis. 2002;185:1761–1766.

195. Wilson ML, Harrell LJ, Mirrett S, Weinstein MP, Stratton CW, Reller
LB. Controlled evaluation of BACTEC PLUS 27 and Roche Septi-Chek
anaerobic blood culture bottles. J Clin Microbiol. 1992;30:63–66.

196. Baddour LM. Twelve-year review of recurrent native-valve infective
endocarditis: a disease of the modern antibiotic era. Rev Infect Dis.
1988;10:1163–1170.

197. Sklaver AR, Hoffman TA, Greenman RL. Staphylococcal endocarditis
in addicts. South Med J. 1978;71:638–643.

198. Mestres C-A, Chuquiure JE, Claramonte X, Munoz J, Benito N, Castro
MA, Pomar JL, Miro JM. Long-term results after cardiac surgery in
patients infected with the human immunodeficiency virus type-1 (HIV).
Eur J Cardiothorac Surg. 2003;23:1007–1016.

199. Marantz PR, Linzer M, Feiner CJ, Feinstein SA, Kozin AM, Friedland
GH. Inability to predict diagnosis in febrile intravenous drug abusers.
Ann Intern Med. 1987;106:823–828.

200. Weisse AB, Heller DR, Schimenti RJ, Montgomery RL, Kapila R. The
febrile parenteral drug user: a prospective study in 121 patients.
Am J Med. 1993;94:274–280.

201. Chambers HF, Morris DL, Tauber MG, Modin G. Cocaine use and the
risk for endocarditis in intravenous drug users. Ann Intern Med. 1987;
106:833–836.

202. Rothman RE, Walker T, Weiss J, Majmudar MD, Kelen GD. Diagnostic
importance of transthoracic echocardiography in febrile intravenous
drug users at risk for infective endocarditis: is there a role for ultrasound
in the emergency department? Paper presented at: 7th International
Symposium on Modern Concepts in Endocarditis and Cardiovascular
Infections; June 26–28, 2003; Chamonix, France. Abstract 66.

203. Graves MK, Soto L. Left-sided endocarditis in parenteral drug abusers:
recent experience at a large community hospital. South Med J. 1992;85:
378–380.

204. Carozza A, Romano G, De Feo M, De Santo L, Ragone E, Tripodi MF,
Durante Mangoni E, Utili R. Infective endocarditis in intravenous drug
users: prevalence of left heart involvement and changing microbiologic
profile. Paper presented at: 7th International Symposium on Modern
Concepts in Endocarditis and Cardiovascular Infections; June 26–28,
2003; Chamonix, France. Abstract 53.

205. Brown PD, Levine DP. Infective endocarditis in the injection drug user.
Infect Dis Clin N Am. 2002;16:645–665.

206. Chambers HF, Korzeniowski OM, Sande MA. Staphylococcus aureus
endocarditis: clinical manifestations in addicts and nonaddicts.
Medicine. 1983;62:170–177.

207. Thadepalli H, Francis CK. Diagnostic clues in metastatic lesions of
endocarditis in addicts. West J Med. 1978;128:1–5.

208. Opal SM, Cross A, Palmer M, Almazan R. Group B streptococcal sepsis
in adults and infants: contrasts and comparisons. Arch Intern Med.
1988;148:641–645.

e432 Circulation June 14, 2005

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


209. Rapeport KB, Giron JA, Rosner F. Streptococcus mitis endocarditis:
report of 17 cases. Arch Intern Med. 1986;146:2361–2363.

210. Watanakunakorn C. Changing epidemiology and newer aspects of
infective endocarditis. Adv Intern Med. 1977;22:21–47.

211. Mathew J, Addai T, Anand A, Morrobel A, Maheshwari P, Freels S.
Clinical features, site of involvement, bacteriologic findings, and
outcome of infective endocarditis in intravenous drug users. Arch Intern
Med. 1995;155:1641–1648.

212. Sexton DJ, Spelman D. Current best practices and guidelines:
assessment and management of complications in infective endocarditis.
Cardiol Clin. 2003;21:273–282.

213. Mills J, Utley J, Abbott J. Heart failure in infective endocarditis: pre-
disposing factors, course and treatment. Chest. 1974;66:151–157.

214. Stinson EB. Surgical treatment of infective endocarditis. Prog Car-
diovasc Dis. 1979;22:145–168.

215. Vikram HR, Buenconsejo J, Hasbun R, Quagliearello VJ. Impact of
valve surgery on 6-month mortality in adults with complicated,
left-sided native valve endocarditis: a propensity analysis. JAMA. 2003;
290:3207–3214.

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

217. Moon MR, Stinson EB, Miller DC. Surgical treatment of endocarditis.
Prog Cardiovasc Dis. 1997;40:239–264.

218. Karchmer AW, Stinson EB. The role of surgery in infective endo-
carditis. In: Remington JS, Schwartz MN, eds. Current Clinical Topics
in Infectious Diseases. New York, NY: McGraw-Hill; 1980;124–157.

219. Jung JY, Saab SB, Almond CH. The case for early surgical treatment of
left-sided primary infective endocarditis: a collective review. J Thorac
Cardiovasc Surg. 1975;70:509–518.

220. El-Khoury G. Surgery in endocarditis—whom to operate and when: new
techniques for aortic valves. Paper presented at: 7th International Sym-
posium on Modern Concepts in Endocarditis and Cardiovascular Infec-
tions; June 26–28, 2003; Chamonix, France.

221. Dion R. Surgery in endocarditis—whom to operate and when: new
techniques for mitral valves. Paper presented at: 7th International Sym-
posium on Modern Concepts in Endocarditis and Cardiovascular Infec-
tions; June 26–28, 2003; Chamonix, France.

222. Iung B, Baron G, Butchart EG, Delahaye F, Gohlke-Barwolf C, Levang
OW, Tornos P, Vanoverschelde JL, Vermeer F, Boersma E, Ravaud P,
Vahanian A. A prospective survey of patients with valvular heart disease
in Europe: the Euro Heart Survey on Valvular Heart Disease. Eur
Heart J. 2003;24:1231–1243.

223. Tornos M-P, Permanyer-Miralda G, Olona M, Gil M, Galve E,
Almirante B, Soler-Soler J. Long-term complications of native valve
infective endocarditis in non-addicts: a 15-year follow-up study. Ann
Intern Med. 1992;117:567–572.

224. Lutas EM, Roberts RB, Devereux RB, Prieto LM. Relation between the
presence of echocardiographic vegetations and the complication rate in
infective endocarditis. Am Heart J. 1986;112:107–113.

225. DeCastro S, Magni G, Beni S, Cartoni D, Fiorelli M, Venditti M,
Schwartz SL, Fedele F, Pandian NG. Role of transthoracic and trans-
esophageal echocardiography in predicting embolic events in patients
with active infective endocarditis involving native cardiac valves.
Am J Cardiol. 1997;80:1030–1034.

226. Heiro M, Nikoskelainen J, Engblom E, Kotilainen E, Marttila R, Koti-
lainen P. Neurologic manifestations of infective endocarditis: a 17-year
experience in a teaching hospital in Finland. Arch Intern Med. 2000;
160:2781–2787.

227. Vilacosta I, Graupner C, San Roman JA, Sarria C, Ronderos R, Fer-
nandez C, Mancini L, Sanz O, Sanmartin JV, Stoermann W. Risk of
embolization after institution of antibiotic therapy for infective endo-
carditis. J Am Coll Cardiol. 2002;39:1489–1495.

228. Heinle S, Wilderman N, Harrison JK, Waugh R, Bashore T, Nicely LM,
Durack D, Kisslo J. Value of transthoracic echocardiography in pre-
dicting embolic events in active infective endocarditis. Duke Endo-
carditis Service. Am J Cardiol. 1994;74:799–801.

229. Alsip SG, Blackstone EH, Kirklin JW, Cobbs CG. Indications for
cardiac surgery in patients with active infective endocarditis. Am J Med.
1985;78:138–148.

230. Chu VH, Cabell CH, Benjamin DK Jr, Kuniholm EF, Fowler VG Jr,
Engemann J, Sexton DJ, Corey GR, Wang A. Early predictors of
in-hospital death in infective endocarditis. Circulation. 2004;109:
1745–1749.

231. Salem DN, Daudelin HD, Levine HJ, Pauker SG, Eckman MH, Riff J.
Antithrombotic therapy in valvular heart disease. Chest. 2001;119:
207S-219S.

232. Tornos P, Almirante B, Mirabet S, Permanyer G, Pahissa A, Soler-Soler
J. Infective endocarditis due to Staphylococcus aureus: deleterious effect
of anticoagulant therapy. Arch Intern Med. 1999;159:473–475.

233. Kupferwasser LI, Yeaman MR, Nast CC, Kupferwasser D, Xiong YQ,
Palma M, Cheung AL, Bayer AS. Salicylic acid attenuates virulence in
endovascular infections by targeting global regulatory pathways in
Staphylococcus aureus. J Clin Invest. 2003;112:222–233.

234. Chan KL, Dumesnil JG, Cujec B, Sanfilippo AJ, Jue J, Turek MA,
Robinson TI, Moher D; Investigators of the Multicenter Aspirin Study in
Infective Endocarditis. A randomized trial of aspirin on the risk of
embolic events in patients with infective endocarditis. J Am Coll
Cardiol. 2003;42:775–780.

235. Kupferwasser LI, Yeaman MR, Shapiro SM, Nast CC, Sullam PM,
Filler SG, Bayer AS. Acetylsalicylic acid reduces vegetation bacterial
density, hematogenous bacterial dissemination, and frequency of
embolic events in experimental Staphylococcus aureus endocarditis
through antiplatelet and antibacterial effects. Circulation. 1999;99:
2791–2797.

236. Omari B, Shapiro S, Ginzton L, Robertson JM, Ward J, Nelson RJ,
Bayer AS. Predictive risk factors for periannular extension of native
valve endocarditis: clinical and echocardiographic analyses. Chest.
1989;96:1273–1279.

237. Middlemost S, Wisenbaugh T, Meyerowitz C, Teeger S, Essop R,
Skoularigis J, Cronje S, Sareli P. A case for early surgery in native
left-sided endocarditis complicated by heart failure: results in 203
patients. J Am Coll Cardiol. 1991;18:663–667.

238. Blumberg EA, Karalis DA, Chandrasekaran K, Wahl JM, Vilaro J,
Covalesky VA, Mintz GS. Endocarditis-associated paravalvular
abscesses: do clinical parameters predict the presence of abscess? Chest.
1995;107:898–903.

239. Becher H, Hanrath P, Bleifeld W, Bleese N. Correlation of echocardio-
graphic and surgical findings in acute bacterial endocarditis. Eur
Heart J. 1984;5:67–70.

240. Arnett EN, Roberts WC. Prosthetic valve endocarditis: clinicopathologic
analysis of 22 necropsy patients with comparison of observations in 74
necropsy patients with active infective endocarditis involving natural
left-sided cardiac valves. Am J Cardiol. 1976;38:281–292.

241. Fernicola DJ, Roberts WC. Frequency of ring abscess and cuspal
infection in active infective endocarditis involving bioprosthetic valves.
Am J Cardiol. 1993;72:314–323.

242. Carpenter JL. Perivalvular extension of infection in patients with
infectious endocarditis. Rev Infect Dis. 1991;13:127–138.

243. 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; Aorto-cavitary Fistula in Endocarditis Working
Group. Aorto-cavitary fistulous tract formation in infective endocarditis:
clinical and echocardiographic features of 76 cases and risk factors for
mortality. Eur Heart J. 2005;26:288–297.

244. Daniel WG, Schroder E, Nonnast-Daniel B, Lichtlen PR. Conventional
and transoesophageal echocardiography in the diagnosis of infective
endocarditis. Eur Heart J. 1984;8:287–292.

245. Leung DY, Cranney GB, Hopkins AP, Walsh WF. Role of transoesoph-
ageal echocardiography in the diagnosis and management of aortic root
abscesses. Br Heart J. 1994;72:175–181.

246. Rohmann S, Seifert T, Erbel R, Jakob H, Mohr-Kahaly S, Makowski T,
Gorge G, Oelert H, Meyer J. Identification of abscess formation in
native-valve infective endocarditis using transesophageal echocardiog-
raphy: implications for surgical treatment. Thorac Cardiovasc Surg.
1991;39:273–280.

247. Kunis RL, Sherrid MV, McCabe JB, Grieco MH, Dwyer EM Jr. Suc-
cessful medical therapy of mitral annular abscess complicating infective
endocarditis. J Am Coll Cardiol. 1986;7:953–955.

248. Vlessis AA, Hovaguimian H, Jaggers J, Ahmad A, Starr A. Infective
endocarditis: ten-year review of medical and surgical therapy. Ann
Thorac Surg. 1996;61:1217–1222.

249. Mullany CJ, Chua YL, Schaff HV, Steckelberg JM, Ilstrup DM,
Orszulak TA, Danielson GK, Puga FJ. Early and late survival after
surgical treatment of culture-positive active endocarditis. Mayo Clin
Proc. 1995;70:517–525.

Baddour et al Infective Endocarditis: Diagnosis and Management e433

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


250. Glazier JJ, Verwilghen J, Donaldson RM, Ross DN. Treatment of
complicated prosthetic aortic valve endocarditis with annular abscess
formation by homograft aortic root replacement. J Am Coll Cardiol.
1991;17:1177–1182.

251. Ross D. Allograft root replacement for prosthetic endocarditis. J Card
Surg. 1990;5:68–72.

252. McGiffin DC, Galbraith AJ, McLachlan GJ, Stower RE, Wong ML,
Stafford EG, Gardner MA, Pohlner PG, O’Brien MF. Aortic valve
infection: risk factors for death and recurrent endocarditis after aortic
valve replacement. J Thorac Cardiovasc Surg. 1992;104:511–520.

253. Walkes JC, Reardon MJ. Current thinking in stentless valve surgery.
Curr Opin Cardiol. 2003;18:117–123.

254. Johnson JD, Raff MJ, Barnwell PA, Chun CH. Splenic abscess compli-
cating infectious endocarditis. Arch Intern Med. 1983;143:906–912.

255. Mansur AJ, Grinberg M, da Luz PL, Bellotti G. The complications of
infective endocarditis: a reappraisal in the 1980s. Arch Intern Med.
1992;152:2428–2432.

256. Ting W, Silverman NA, Arzouman DA, Levitsky S. Splenic septic
emboli in endocarditis. Circulation. 1990;82:IV-105–IV-109.

257. Chun CH, Raff MJ, Contreras L, Varghese R, Waterman N, Daffner R,
Melo JC. Splenic abscess. Medicine. 1980;59:50–65.

258. Robinson SL, Saxe JM, Lucas CE, Arbulu A, Ledgerwood AM, Lucas
WF. Splenic abscess associated with endocarditis. Surgery. 1992;112:
781–786.

259. Lerner RM, Spataro RF. Splenic abscess: percutaneous drainage.
Radiology. 1984;153:643–645.

260. Chou YH, Hsu CC, Tiu CM, Chang T. Splenic abscess: sonographic
diagnosis and percutaneous drainage or aspiration. Gastrointest Radiol.
1992;17:262–266.

261. Simsir SA, Cheeseman SH, Lancey RA, Vander Salm TJ, Gammie JS.
Staged laparoscopic splenectomy and valve replacement in splenic
abscess and infective endocarditis. Ann Thorac Surg. 2003;75:
1635–1637.

262. Wilson WR, Lie JT, Houser OW, Piepgras DG, Geraci JE. The man-
agement of patients with mycotic aneurysm. Curr Clin Top Infect Dis.
1981;2:151–183.

263. Francioli P. Central nervous system complications of infective endo-
carditis. In: Scheld WM, Whiteley RJ, Durack DT, eds. Infections of the
Central Nervous System. New York, NY: Raven Press; 1991:515–559.

264. Bohmfalk GL, Story JL, Wissinger JP, Brown WE Jr. Bacterial intra-
cranial aneurysm. J Neurosurg. 1978;48:369–382.

265. Wilson WR, Giuliani ER, Danielson GK, Geraci JE. Management of
complications of infective endocarditis. Mayo Clin Proc. 1982;57:
162–170.

266. Camarata PJ, Latchaw RE, Rufenacht DA, Heros RC. Intracranial an-
eurysms. Invest Radiol. 1993;28:373–382.

267. Lerner P. Neurologic complications of infective endocarditis. Med Clin
North Am. 1985;69:385–398.

268. Clare CE, Barrow DL. Infectious intracranial aneurysms. Neurosurg
Clin N Am. 1992;3:551–566.

269. Moskowitz MA, Rosenbaum AE, Tyler HR. Angiographically monitored
resolution of cerebral mycotic aneurysms. Neurology. 1974;24:1103–1108.

270. Huston J III, Nichols DA, Luetmer PH, Goodwin JT, Meyer FB,
Wiebers DO, Weaver AL. Blinded prospective evaluation of sensitivity
of MR angiography to known intracranial aneurysms: importance of
aneurysm size. Am J Neuroradiol. 1994;15:1607–1614.

271. White PM, Teasdale EM, Wardlaw JM, Easton V. Intracranial aneurysms:
CT angiography and MR angiography for detection: prospective blinded
comparison in a large patient cohort. Radiology. 2001;219:739–749.

272. Okumura A, Araki Y, Nishimura Y, Iwama T, Kaku Y, Furuichi M,
Sakai N. The clinical utility of contrast-enhanced 3D MR angiography
for cerebrovascular disease. Neurol Res. 2001;23:767–771.

273. Bingham WF. Treatment of mycotic intracranial aneurysms. J Neu-
rosurg. 1977;46:428–437.

274. Chapot R, Houdart E, Saint-Maurice JP, Aymard A, Mounayer C, Lot G,
Merland JJ. Endovascular treatment of cerebral mycotic aneurysms.
Radiology. 2002;222:389–396.

275. Yellin AE. Ruptured mycotic aneurysm: a complication of parenteral
drug abuse. Arch Surg. 1977;112:981–986.

276. Mansur AJ, Grinberg M, Leao PP, Chung CV, Stolf NA, Pileggi F.
Extracranial mycotic aneurysms in infective endocarditis. Clin Cardiol.
1986;9:65–72.

277. Tice AD. Safety of outpatient parenteral antimicrobial therapy for endo-
carditis. Clin Infect Dis. 2001;34:419–420.

278. Monteiro C-A, Cobbs CG. Outpatient management of infective endo-
carditis. Curr Infect Dis Rep. 2001;3:319–327.

279. Andrews M-M, von Reyn CF. Patient selection-criteria and management
guidelines for outpatient parenteral antibiotic therapy for native valve
infective endocarditis. Clin Infect Dis. 2001;33–203–209.

280. Nicolau DP, Freeman CD, Belliveau PB, Nightingale CH, Ross JW,
Quintiliani R. Experience with a once-daily aminoglycoside program
administered to 2,184 adult patients. Antimicrob Agents Chemother.
1995;39:650–655.

281. Tice AD, Rehm SJ, Dalovisio JR, Bradley JS, Martinelli LP, Graham
DR, Gainer RB, Kunkel MJ, Yancey RW, Williams DN; IDSA. Practice
guidelines for outpatient parenteral antimicrobial therapy. Clin Infect
Dis. 2004;38:1651–1672.

e434 Circulation June 14, 2005

 by on December 21, 2007 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


In the AHA Scientific Statement, “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 Cardiovascular Disease in the
Young, and the Councils on Clinical Cardiology, Stroke, and Cardiovascular Surgery and
Anesthesia, American Heart Association,” by Baddour et al (Circulation. 2005;111:e394–e434),
the following corrections are needed:

1. Reference 136 was originally listed as the following abstract: Gavalda J, Miro J, Torres C, De
La Torre Cisneros, Munoz P, Pena C, Aguado J, Montejo M, Navas E, Romeu J, Sarria C,
Marco F, Almirante B, Pahissa A. Efficacy of ampicillin (A) plus ceftriaxone (Ctr) or
cefotaxime (Cx) in treatment of endocarditis due to Enterococcus faecalis. In: Programs and
Abstracts of the 41st Interscience Conference on Antimicrobial Agents and Chemotherapy
(Chicago). Washington, DC: American Society for Microbiology; 2001:3. Abstract 1342.

The study has now been published and therefore reference 136 should read: Gavaldà J, Len O,
Miró JM, Muñoz P, Montejo M, Alarcón A, de la Torre-Cisneros J, Peña C, Martínez-Lacasa
X, Sarria C, Bou G, Aguado JM, Navas E, Romeu J, Marco F, Torres C, Tornos P, Planes A,
Falcó V, Almirante B, Pahissa A. Brief communication: treatment of Enterococcus faecalis
endocarditis with ampicillin plus ceftriaxone. Ann Intern Med. 2007;146:574–579.

2. Reference 41 is incorrectly listed (the first author’s name was omitted). It should read: Lamas
CC, Eykyn SJ. Suggested modifications to the Duke criteria for the clinical diagnosis of native
valve and prosthetic valve endocarditis: analysis of 118 pathologically proven cases. Clin
Infect Dis. 1997;25:713–719.

These corrections have been made to the current online version of the article, available at
http://circ.ahajournals.org/cgi/content/full/111/23/e394.

DOI: 10.1161/CIRCULATIONAHA.107.187960

(Circulation. 2007;116:e547.)
© 2007 American Heart Association, Inc.
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In the AHA Scientific Statement, “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 Cardiovascular Disease in the
Young, and the Councils on Clinical Cardiology, Stroke, and Cardiovascular Surgery and
Anesthesia, American Heart Association,” by Baddour et al (Circulation. 2005;111:e394–e434),
the following corrections are needed in Table 1A on page e397:

1. In the phrase, “Resolution of IE syndrome with antibiotic therapy for �4 days,” the symbol for “less
than” (�) should have been the symbol for “less than or equal to” (�).

2. In the phrase, “No pathological evidence of IE at surgery or autopsy, with antibiotic therapy
for �4 days,” the symbol for “less than” (�) should have been the symbol for “less than or
equal to” (�).

In addition, the original article contained several errors that were corrected in a previous erratum
(Circulation. 2005;112:2373). These corrections have been made to the current online version of
the article, available at http://circ.ahajournals.org/cgi/content/full/111/23/e394.

DOI: 10.1161/CIRCULATIONAHA.107.183163

(Circulation. 2007;115:e408.)
© 2007 American Heart Association, Inc.

Circulation is available at http://www.circulationaha.org
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In the AHA Scientific Statement, “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 Cardiovascular Disease in the
Young, and the Councils on Clinical Cardiology, Stroke, and Cardiovascular Surgery and
Anesthesia, American Heart Association,” by Baddour et al (Circulation. 2005;111:e394–e434),
the following corrections/clarifications should be made:

1. There were two errors in Table 12 on page e413. In the “Ceftriaxone sodium” row, the entry
in the “Dosage and Route” column originally read “2 g/24 h IV/IM in 1 dose” but should have
read “4 g/24 h IV/IM in 2 equally divided doses.” In the “Pediatric dose” entry in the “Dosage
and Route” column, the entry originally gave the dosage of ceftriaxone as “100 mg/kg per 24 h
IV/IM once daily” but should have read “100 mg/kg per 24 h IV/IM in 2 equally divided
doses.”

Although an every-24-hour dosing of ceftriaxone has never been formally studied in human
trials in combination with ampicillin for the treatment of multidrug-resistant Enterococcus
faecalis, unpublished animal model data indicate that every-12-hour dosing of ceftriaxone in
combination with ampicillin is more efficacious in reducing the bacterial concentration in
infected vegetations as compared with every-24-hour dosing of ceftriaxone with ampicillin.
Therefore, the recommendation was changed to 2 equally divided doses per 24 hours.

2. In Table 14, for the section “Prosthetic valve (late, �1 y),” the Comments section should read:
“Same regimens as listed above for native valve endocarditis with the addition of rifampin.”

3. In Tables 9 and 10, the following sentence should be deleted from the footnotes: “Patients with
creatinine clearance of �50 mL/min should be treated in consultation with an infectious
diseases specialist.” In Tables 11 and 14, the following portion of the first footnote should be
deleted: “...see Table 9 for patients with creatinine clearance of �50 mL/min.”

4. In the third footnote of Table 7 and the second footnote of Table 8 (“Gentamicin should be...”),
a second sentence should be added, which reads: “See Table 4 for appropriate dosage of
gentamicin.” In Table 9, the second footnote should also refer the reader to Table 4 for
appropriate dosage of gentamicin.

5. Although it is preferred that gentamicin (3 mg/kg) be given as a single daily dose to adult
patients with endocarditis due to viridans group streptococci, as a second option, gentamicin
can be administered daily in 3 equally divided doses (see Tables 4 through 6).

6. Table 4, titled “Therapy of Native Valve Endocarditis Caused by Highly Penicillin-Susceptible
Viridans Group Streptococci and Streptococcus bovis,” lists reference No. 280 that refers to a
nomogram for dosing gentamicin. Although this reference outlines dosing for gentamicin use
at 7 mg/kg/dose for treatment in other types of infection syndromes, the nomogram was
selected as an example for use with gentamicin dosing of 3 mg/kg/dose in this table to direct
dosing in patients with underlying renal dysfunction. Currently, there is no other formal
address of drug concentration monitoring with this gentamicin dosage.

7. On page e403, in the section on “Abiotrophia defectiva and Granulicatella Species, Gemella
Species, and Viridans Group Streptococci With Penicillin MIC �0.5 �g/mL,” the following
should be added as the last sentence of the section: “When vancomycin is the chosen antibiotic,
the addition of gentamicin is not necessary.”
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