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SUMMARY Fungal endocarditis accounts for 1% to 3% of all infective endocarditis cases,
is associated with high morbidity and mortality (.70%), and presents numerous challenges
during clinical care. Candida spp. are the most common causes of fungal endocarditis, impli-
cated in over 50% of cases, followed by Aspergillus and Histoplasma spp. Important risk
factors for fungal endocarditis include prosthetic valves, prior heart surgery, and injection
drug use. The signs and symptoms of fungal endocarditis are nonspecific, and a high
degree of clinical suspicion coupled with the judicious use of diagnostic tests is required for
diagnosis. In addition to microbiological diagnostics (e.g., blood culture for Candida spp. or
galactomannan testing and PCR for Aspergillus spp.), echocardiography remains critical for
evaluation of potential infective endocarditis, although radionuclide imaging modalities such
as 18F-fluorodeoxyglucose positron emission tomography/computed tomography are increas-
ingly being used. A multimodal treatment approach is necessary: surgery is usually required
and should be accompanied by long-term systemic antifungal therapy, such as echinocandin
therapy for Candida endocarditis or voriconazole therapy for Aspergillus endocarditis.

KEYWORDS cardiac, diagnosis, endocarditis, endocardium, fungal, mycologic,
mycology, treatment

INTRODUCTION

Invasive fungal diseases (IFD) continue to increase with the growing immunocompro-
mised patient population. Advances in the care of patients with underlying malignancy

and rheumatologic diseases, and within the intensive care unit (ICU) setting, as well
as pandemics of respiratory viral infections, have resulted in a net increase of
patients at risk for IFD (1). In 2017, an estimated 15 million cases of pulmonary and
other forms of IFD occurred worldwide (2). An uncommon but serious complication
of fungal infection is endocarditis, which presents unique challenges in diagnosis
and management.

Endocarditis can complicate a wide number of fungal infections. Candida spp. account
for ;50% (3) of all fungal infective endocarditis across different geographic regions, while
Aspergillus and Histoplasma spp. account for the majority of non-Candida fungal endocarditis
(Fig. 1). However, a broad spectrum of molds (4), yeasts (5), and dimorphic fungal pathogens
(6) have been reported to cause fungal endocarditis. While there are individual differences in
epidemiology, diagnosis, and management according to each pathogen, there are some
common general features. Fungal endocarditis accounts for 1% to 3% of all infective endo-
carditis cases, affects nearly 0.1% of all prosthetic cardiac valves (3, 7–9), is disproportionately
associated with high morbidity and case fatality rates (.70%), especially for mold pathogens
compared with bacterial endocarditis, and presents significant and often unique difficulties
during clinical care. Furthermore, the diagnosis of fungal endocarditis is even more challeng-
ing in view of its overall low incidence (and thus low pre-test probability in the absence of
other suggestive information), nonspecific clinical findings, and limitations in diagnostics.
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Typical clinical signs of endocarditis may be absent, with fever present in only 60% to 70% of
cases (10), and classic peripheral stigmata of endocarditis are rarely observed. Subacute and
nonspecific symptoms are common, with weight loss, diaphoresis, chills, malaise, and fatigue
occurring more frequently in cases of fungal endocarditis than in cases of bacterial endocarditis
(3). Important risk factors have been identified as predisposing to fungal endocarditis, including
the presence of prosthetic valves, prior heart surgery, and injection drug use (3). Blood culture
remains the gold standard for diagnosis of Candida and rare yeast fungemia, and persistently
positive cultures may be suggestive of underlying endocarditis. However, blood culture results
may take days to return positive, and autopsy studies have demonstrated a wide range of
blood culture sensitivities for candidiasis alone (21% to 71%) (11). Fungal antigen tests from se-
rum, such as 1,3-b-D-glucan (BDG) for Candida infections or the galactomannan test (GM) for
Aspergillus infections, are associated with improved turnaround times compared to culture in
some geographic locations (12). Negative BDG results may decrease the likelihood of Candida
endocarditis (BDG), while positive BDG results may conversely increase clinical suspicion and
trigger further radiologic examination; for example, with a positive GM result in suspected cases
of Aspergillus or Histoplasma endocarditis (13, 14). Echocardiography remains the backbone
imaging modality in evaluation of potential infective endocarditis, although radionuclide
imaging modalities such as 18F-fluorodeoxyglucose (FDG) positron emission tomography
(PET)/computed tomography (CT) are increasingly being utilized for this purpose (15). Surgery,
when feasible, is a cornerstone of management (16) and should be accompanied by long-
term biofilm active systemic antifungal therapy, such as echinocandin therapy for Candida
endocarditis or voriconazole therapy for Aspergillus endocarditis.

FIG 2 Environmental and host risk factors for fungal endocarditis and rare fungal infections.

FIG 1 Causative pathogens of fungal endocarditis.
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Here, we comprehensively review fungal endocarditis, focusing on the most common
causative fungal pathogens, pathogenesis, epidemiology, risk factors, clinical presentation,
diagnosis, treatment, complications, and outcomes (Fig. 2).

CANDIDA SPP.
Pathogenesis and Pathophysiology of Candida Endocarditis

Most data concerning the pathogenesis of Candida spp. are derived from studies involving
Candida albicans, and the major pathogenic mechanisms of invasive candidiasis have been
reviewed previously (17). C. albicans possesses several virulence factors that contribute to its
ability to adhere to and persist in the human gastrointestinal tract, invade host tissues, evade
immune responses, and adhere to cardiac valves.

The development of Candida endocarditis requires entry of Candida into the bloodstream,
which results from opportunistic translocation across a damaged gastrointestinal epithelium
(e.g., from cytotoxic chemotherapy or surgical transection) or across skin and soft tissue via
endovascular catheters or contaminated injections (Fig. 3). Necessary steps include coloniza-
tion and adherence to epithelial surfaces, epithelial invasion, immune evasion, and hematoge-
nous dissemination, followed by adherence to cardiac valves.

The intestinal microbiota appears to be an important determinant of Candida coloniza-
tion and risk of disease. The presence of anaerobic bacteria attenuates Candida colonization
(18). Dysbiosis can occur following antibiotic exposure, in critical illness (19), and following
stem cell transplantation (20), resulting in a loss of bacterial biodiversity and an increase in
Candida within the gastrointestinal tract. In mice, the loss of bacterial microbiota following
antibiotic exposure led to a higher fungal burden, diminished Th17 cells, and an inability
to contain experimental candidemia (21). Similarly, in allogeneic stem cell transplant recipi-
ents, loss of bacterial biodiversity and clonal expansion of intestinal Candida spp. precedes
Candida bloodstream infections (22).

Morphological switching from yeast-like blastospores to pseudohyphae and true hyphae
is a critical virulence factor in many Candida spp., including C. albicans (23). Genetically engi-
neered C. albicans strains incapable of hyphal transformation are rendered avirulent (24, 25),
although Nakaseomyces glabrata (formerly C. glabrata) can cause disease despite its intrinsic
inability to form hyphae. Intestinal colonization can occur with yeasts or hyphae. Transformation
to hyphae is regulated by an array of internal and external factors (26). In the yeast phase,
C. albicans expresses surface adhesin proteins to facilitate adhesion and commensal growth.
Hyphal adhesin proteins, including agglutinin-like sequence 3 (Als3p) (27) and hyphal wall
protein 1 (Hwp1p), promote adhesion to epithelial cells (28). Hyphal invasion occurs by
active penetration into and between gastrointestinal epithelial cells, and additionally by
induced endocytosis in oral epithelial cells (28). The hyphae of C. albicans and other species
exhibiting true hyphae (C. dubliniensis and C. tropicalis) cause epithelial damage, trigger a

FIG 3 Pathogenesis of fungal endocarditis. Invasion of fungal pathogens through the gastrointestinal tract, through pulmonary alveoli, or via disruption of
skin barrier. Following invasion, hematogenous dissemination occurs, allowing fungal endocarditis in the setting of a damaged endocardial surface.
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MAPK (mitogen-activated protein kinase) danger response, and induce host inflammation
through secretion of cytolytic peptide toxins known as candidalysins (29, 30).

An important Candida virulence factor is the production of extracellular biofilms that ena-
ble persistence on abiotic materials such as endovascular catheters, intracardiac devices, and
prosthetic heart valves (31). Controlled by a complex signaling mechanism (32), biofilms
may be produced by yeasts, hyphae (in those species capable of morphological transforma-
tion) or a combination of these, and involve an extracellular matrix comprised of proteins,
polysaccharides, lipids, and nucleic acids (31). Biofilms sequester organisms beyond the
reach of immune cells and trap antifungals.

An experimental animal model of C. albicans endocarditis has been described (33–35). In
experimental studies, damage to the host endocardium appears to be a necessary precursor
for experimental endocarditis with C. albicans, as intravenous injection of C. albicans causes
endocarditis only when preceded by trauma to the valve (35, 36). Transvalvular trauma with
a catheter leads to non-bacterial thrombotic endocarditis comprised mostly of a fibrin-plate-
let matrix; transvalvular inoculation of blastospores results in early (,48 h) incorporation of
yeast cells into the surface of these vegetations, mostly within macrophages, and after
7 days, only pseudohyphae were observed (33). In autopsy cases following natural infection,
a mix of yeasts and hyphae is seen (37). Virulence factors that facilitate adherence causing
endocarditis are poorly understood, but there are intra- and interspecies differences among
Candida in non-bacterial thrombotic endocarditis adherence and propensity to cause endo-
carditis (38, 39).

Epidemiology

Candida spp. are the most common cause of fungal endocarditis, causing,5% of all infec-
tive endocarditis cases (40) but over half of all fungal endocarditis cases (11). The morbidity
and mortality rates of Candida endocarditis are high, with an in-hospital mortality rate of
36% and a 1-year mortality rate of 59% in one multinational study (41), and endocarditis
is one of the most serious sequelae of invasive candidiasis. In cases of Candida endocarditis,
C. albicans is the most commonly isolated species (35% to 60% of cases), followed by C. par-
apsilosis (15 to 41%), C. tropicalis (10 to 13%), N. glabrata (4 to 9%),Meyerozyma guilliermondii
(formerly C. guilliermondii [4%]), and Pichia kudriavzevii (formerly C. krusei) (1%) (41–43).
Other species, including Candida auris, are very uncommon causes. The distribution of
Candida species as the etiology of endocarditis differs from the distribution of candidemia
alone. The reduced frequency of N. glabrata infective endocarditis may be due to the lack of
several pathogenic attributes in N. glabrata strains (44, 45).

Risk Factors

Prosthetic heart valves or other structural heart disease. Compared to individuals
diagnosed with bacterial endocarditis, those diagnosed with Candida endocarditis are
more likely to have a prosthetic heart valve (41, 46, 47) and/or to have had a prior coronary
artery bypass graft (46). In one study of 70 cases of Candida endocarditis, 46% of individuals
had a prosthetic heart valve (41). The propensity for Candida spp. to cause prosthetic valve
endocarditis is likely due to its ability to adhere to surfaces and form biofilms, particularly on
prosthetic devices.

Cardiac implantable electronic device. Candida spp. are uncommon causes of cardiac
implantable electronic device-related endocarditis (CIED-IE), accounting for only 2% of these
infections in one series of patients (48). Risk factors for device-related endocarditis include a
newly implanted device, device revision, or generator change. Devices that have been in
place for longer periods (.1 year) are less likely to become infected (49).

Injection drug use. Injection drug use is a known and increasing risk factor for candi-
demia and Candida endocarditis (50), particularly in persons who inject brown heroin, which
has poor solubility in water and is usually dissolved in lemon juice or other acidic substances
prior to injection. Because C. albicans grows readily in the lemon juice used to cut this partic-
ular type of heroin, those who inject brown heroin cut with lemon juice are at particular risk
of Candida endocarditis (51). In one 7-year review of 83 cases of disseminated candidiasis
among persons who injected drugs, all had recently used brown heroin diluted in fresh
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lemon juice (52). Another series of 20 patients found that the tricuspid valve was the pri-
mary valve involved in those who injected drugs, with C. albicans being the most frequently
isolated organism (53). More recent series have observed an increase in C. parapsilosis associ-
ated with injection drug use in those injecting heroin, methamphetamines, cocaine,
buprenorphine/naloxone, benzodiazepines, and oxycodone (54). The increased use
of black-tar heroin has been linked to Clostridium infections and botulism, but no
association with Candida infections has thus far been reported.

Indwelling central catheters. The presence of a chronic indwelling catheter is a risk
factor for both candidemia and Candida endocarditis (46, 55–57). As previously noted,
this is likely due to the ability of Candida spp. to adhere to prosthetic devices and form
biofilms. As the biofilm matures, an extracellular matrix accumulates which can lead to persis-
tent organisms and high treatment failure rates unless the prosthetic devices are removed.
C. albicans has been reported to form larger and more complex biofilms than other Candida
species (58).

Immunosuppression. Chronic immunosuppression, such as that from chemotherapy or
following solid organ transplantation, impairs the immune system’s ability to fend off fungal
pathogens that often colonize the skin and other mucosal surfaces, including the gastroin-
testinal and respiratory tracts; thus, it is a risk factor for IFD, including Candida endocarditis
(46, 59). In addition, the use of antibacterial agents following transplantation increase the
risk of developing Candida infections due to changes in the intestinal flora after the use of
agents which favor the overgrowth of Candida spp. (60).

History of infective endocarditis. A history of prior infective endocarditis is a risk factor
for Candida endocarditis. Previous damage to valvular structures serves as a persistent nidus
for adhesion by other bloodstream pathogens, including Candida spp. In one multinational
prospective study of individuals diagnosed with infective endocarditis, of those with a
history of previous infective endocarditis, 21.2% had Candida endocarditis compared
to 7.8% with non-Candida endocarditis (46). In another retrospective study in Spain and
France of individuals with prosthetic valve endocarditis, 48% had a history of prior infective
endocarditis (43).

Low birthweight. Low birthweight in premature infants is a risk factor for candidemia
and Candida endocarditis (17–19), largely due to the presence of an indwelling venous cath-
eter for parenteral nutrition and an immature immune response, although candidemia may
also occur via skin contamination or by swallowing or aspiration of vaginal secretions con-
taining Candida spp. during delivery (61). In a study of 86 neonates with candidemia hospital-
ized over a 10-year period, 15% had thrombi or vegetations revealed on an echocardiogram,
illustrating the frequency of this complication in a high-risk patient group (62).

Male sex. Similar to the higher observed risk of all fungal diseases in men (63), infective
endocarditis is twice as likely to occur in males compared to females, although mitral valve
endocarditis is more likely to occur in women and aortic valve endocarditis is more likely in
men (64). In most studies, invasive candidiasis occurs more commonly in males than females
(63). In one case review over a 20-year period, fungal endocarditis occurred at a 2.2:1 male-
to-female ratio, with Candida endocarditis occurring in 24% of these individuals (3). Other
studies showed a preponderance of Candida endocarditis in males compared to females,
ranging from 52% to 78% (41–43, 46). In contrast to male sex, race and ethnicity may not
play major roles as risk factors for Candida endocarditis, with the higher prevalence of Candida
infections among African-Americans primarily explained by factors related to socioeconomic
status, underlying medical conditions, and health care access (65).

Clinical Presentation

Candida endocarditis has a variety of clinical manifestations which are dependent
on the extent of infection, the valve involved, and accompanying host/risk factors. It may
initially present as a subacute illness with nonspecific symptoms, including weight loss,
diaphoresis, chills, malaise, and fatigue, over weeks to months, and be indistinguishable
from symptoms secondary to bacterial endocarditis (3, 66, 67). Conversely, some cases present
with acute life-threatening disease with septic shock. The most frequent presenting symptom
in endocarditis is fever (68), and while a fever of.38°C is present in over 90% of bacterial
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endocarditis cases, a recent systematic review of fungal endocarditis revealed a lower rate of
60% to 70% (10, 69).

Accompanying symptoms of dyspnea, orthopnea, and/or chest pain are also nonspecific
for endocarditis, but the presence of fever and other systemic symptoms may point the
clinician to diseases of the cardiopulmonary system. Clinical findings such as the devel-
opment of a new heart murmur or change in the quality of a pre-existing murmur and
signs of heart failure such as swollen legs, distended neck veins, or pulmonary rales
(crackles) may be present upon physical examination. These symptoms are present pri-
marily with worsening valvular disease, although an intracardiac fistula following perfo-
ration or valve obstruction may lead to acute heart failure as well (68).

Embolic complications may also occur in Candida endocarditis (70). Cerebral embolism is
most common within the distribution of the middle cerebral artery and its branches, leading
to hemiplegia, unilateral hypoesthesia, unilateral facial drop, unilateral hemianopsia, or apha-
sia (71, 72). Pulmonary embolism may present with pleuritic chest pain, dry cough, dyspnea,
or hemoptysis (70, 73, 74). Other common embolism sites include the lower extremities,
with signs and symptoms of acute ischemia (75), peripheral gangrene of the extremities or
involved site, or endophthalmitis with decreased vision or ocular pain (68, 76). While these
may be the most common manifestations, Candida endocarditis can lead to infarction of
any organ, causing localizing symptoms at the involved site. Due to their embolic origin,
these symptoms are usually of acute onset. In contrast to subacute bacterial endocarditis,
classical features such as Osler’s nodes, Janeway lesions, and Roth spots are rarely observed
in Candida endocarditis (46, 69).

Diagnosis

The diagnosis of infective endocarditis can be challenging given the variability of present-
ing symptoms (68), and it is based on the modified Duke criteria, which include clinical find-
ings, microbiological evidence in blood cultures, and imaging features suggestive of infective
endocarditis (77). The low incidence of Candida endocarditis, even in patients with other forms
of invasive candidiasis, exemplifies the need for a high degree of clinical suspicion to initiate
a proper diagnostic course (78). Current data suggest that most cases occur in patients with
known risk factors for infective endocarditis (3). Accurate diagnosis thus requires an under-
standing of the factors which place patients at heightened risk and a detailed medical his-
tory and examination.

Due to the various clinical presentations of infective endocarditis, blood cultures are the
cornerstone for diagnosis and should be obtained whenever a diagnosis of endocarditis is
considered (68). In cases where blood cultures are positive for multiple bacterial species in
addition to Candida, the etiology of valvular lesions can be difficult to determine. Most
Candida endocarditis cases exhibit positive blood cultures, with a sensitivity of ;90% in
reported cases (13, 78). However, endocarditis may be seen even in those with negative
blood cultures. While large autopsy controlled studies on invasive candidiasis show a less-
than-perfect sensitivity of blood cultures, ranging between 21% and 71% (11), sensitivity
may be slightly higher in Candida endocarditis, where autopsy series have shown positive
blood cultures in 50% to 100% of proven cases (79–82). Nevertheless, blood culture may
be falsely negative in cases with Candida endocarditis, and the diagnosis should therefore
be considered a possible cause of culture-negative endocarditis (83). Increased sensitivity
may be achieved by obtaining serial cultures and/or larger blood culture volumes (84).

One shortcoming of blood cultures is the prolonged time to positivity for Candida spp.
compared to bacterial cultures, which may delay the initiation of appropriate treatment
(84, 85). When positive, blood cultures allow pathogen identification to the species level
and susceptibility testing to be performed. Positive cultures may also be the initial prompt
for additional diagnostic evaluation prior to identification of Candida endocarditis (84). While
European guidelines recommend routine screening for endocarditis by echocardiography
and frequent physical examination in patients with candidemia, this is not recommended in
current Infectious Diseases Society of America (IDSA) guidelines due to the relatively low
prevalence (1.9% to 5.9%) of Candida endocarditis in patients with candidemia (42, 86–89).
However, in a recent European multicenter study involving 64 centers, 10.7% of patients
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with candidemia in whom echocardiography was performed showed signs of cardiac
involvement (90). While more research is needed to identify the best approach, the diagnos-
tic challenge of the disease, devastating mortality rates, and need for timely appropriate
treatment may justify broader utilization of echocardiography until further evidence emerges
(42, 86–89).

Echocardiography is the mainstay imaging technique when infective endocarditis is
suspected (68). Although transthoracic echocardiography (TTE) is widely available and
relatively rapid, its sensitivity to adequately evaluate all valves is often limited, especially in
the presence of prosthetic valves or intracardiac devices and in obese patients (15, 68, 91,
92). In these cases, transesophageal echocardiography (TEE) is the first-line imaging tech-
nique (68). The reported sensitivity of TTE for infective endocarditis (IE) is 70% for native
valves and 50% for prosthetic valve endocarditis, while the sensitivity of TEE is 96% for
native valves and 92% for prosthetic valves (10, 46, 68). While echocardiography does not
allow Candida endocarditis to be distinguished from endocarditis due to other pathogens,
fungal endocarditis lesions are often large and highly mobile (3). Data from the MYCENDO
study showed vegetations of.13 mm in half of the 30 cases, with vegetation size ranging
from 4 to 30mm, while another report of 15 cases also showed large vegetations in C. albicans
endocarditis with a mean size of 19.4 mm (range: 8.8 to 29.9 mm) (13, 93). Hyperechoic lesions
are also suggestive of vegetations caused by Candida spp. (94, 95).

Other imaging modalities to evaluate IE include cardiac computed tomography (CCT),
FDG-PET/CT, and indium-111 leukocyte-scintigraphy (15, 96). CCT has shown promise for
diagnosing and detecting complications of IE from other pathogens but has not been
evaluated in Candida endocarditis (97). Moreover, CCT might provide additional informa-
tion of anatomical circumstances, which may be useful in surgical planning (15). Successful
diagnosis using CCT in a case of Candida endocarditis has been reported (98).

Radionuclide imaging techniques are increasingly being used in diagnostic work-up
for infective endocarditis. While the sensitivity of FDG-PET is low for native valve endo-
carditis, with a pooled sensitivity of 31%, its diagnostic accuracy improves in cases of
prosthetic valves and intracardiac devices, where imaging via ultrasound has limitations
(99, 100). Furthermore, FDG-PET might visualize signs of infection early when initial echo-
cardiography is negative and may also identify septic embolization (15, 101), leading to
earlier diagnosis. The utility of FDG-PET has been highlighted in case reports of Candida
endocarditis (102, 103). Indium-111 leukocyte-scintigraphy may also show high specific-
ity in prosthetic valve Candida endocarditis and can also detect extracardiac foci (15, 91).
Because leukocyte-scintigraphy has high specificity but low sensitivity and several limita-
tions regarding its execution (e.g., labor-intensive, long imaging duration, higher radia-
tion), a stepwise approach of nuclear imaging techniques is proposed, with leukocyte-
scintigraphy following FDG-PET when findings are inconclusive (91).

If surgery is performed, histopathological examination with adjunctive microbiological
and molecular-based testing (pan-fungal or Candida-specific PCR) can help confirm the
pathogenic microorganism or identify it if blood cultures remain negative (67). Tissue sam-
ples should not be placed in formalin until the appropriate portions have been sent to the
microbiology laboratory.

Biomarkers and molecular-based techniques may provide adjunctive diagnostic and
prognostic information during the care of patients with Candida infections (104). Antigen
tests (detecting mannan antigen and anti-mannan antibody or BDG) and PCR-based tests
are available, although data are limited on their role in endocarditis diagnosis and manage-
ment (13, 84).

BDG is a component of the cell wall of most pathogenic fungi and is detectable in patient
serum samples (105). In cases of invasive candidiasis, BDG has a sensitivity ranging between
76.7% and 100% and a specificity of 40.0% to 91.8%, with a high negative predictive value
(84). In a recent systematic review, BDG was positive in 24 out of 27 cases of fungal endocar-
ditis (88.9%) (69). However, BDG detection should be interpreted with caution because posi-
tive results may also occur in patients with conditions that are associated with fungal trans-
location (106, 107), including recent abdominal surgery, hemodialysis or sepsis (108, 109),
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receipt of blood products, and certain immunoglobulin preparations (84, 105). Notably, the
sensitivity of BDG varies by the Candida spp. present. In infection with C. parapsilosis, which
is the most common non-albicans Candida spp. causing endocarditis and is associated with
increasing resistance rates against fluconazole (110), BDG has a lower sensitivity due to the
lower amounts of BDG produced by this species (111).

Mannan and anti-mannan detection is useful for diagnosing invasive candidiasis,
with a reported combined sensitivity of 83% and a specificity of 86%, although no data
regarding its use in endocarditis diagnosis have yet been presented (112). Its primary
utility is its high negative predictive value (113).

The T2Candida panel (T2 Biosystems, Lexington, MA) detects the 5 most common
Candida spp. (C. albicans, N. glabrata), C. parapsilosis, C. tropicalis, and P. kudriavzevii in
whole blood samples, with a mean time of Candida detection and species identification of
4.4 h (114, 115). In previous studies, this test has shown excellent sensitivity and specificity
of 89% to 91.1% and 99.4%, respectively (114, 115); and in two Candida endocarditis cases,
the T2Candida panel was utilized to assess the suppression of disease in prosthetic valve en-
docarditis with medical treatment only (116). More recent studies have indicated that sensi-
tivity might be as low as 65% in candidemia, however, and its primary strength may there-
fore be its specificity (117, 118) with the ability to only detect species targeted by the assay.
Other PCR-based assays, such as Fungiplex Candida (Bruker Daltonics GmbH & Co., Bremen,
Germany), and LightCycler SeptiFast (Roche Diagnostics, Mannheim, Germany), have similar
performance characteristics and are also commercially available (104).

PCR-based diagnostic tests for diagnosing invasive candidiasis are usually obtained
by investigation of blood samples and cover the most common Candida spp. mentioned
above (119). In a meta-analysis, blood-based PCR showed pooled sensitivity and specificity
of 92% and 95%, respectively, for candidemia in patients with suspected invasive candidiasis
(120). The results of PCR testing may be helpful and aid in the initial diagnosis. However,
quantitative PCR (qPCR) testing for Candida is not yet commercially available and, despite its
potential utility for monitoring patients for recurrence or determining responses to therapy,
its role in the diagnosis of Candida endocarditis is currently unclear (13, 119).

Treatment and Prognosis of Candida Endocarditis

Because Candida endocarditis remains an uncommon condition, it is not amenable to
prospective randomized trials. As such, recommendations for the treatment of this disorder
are based almost entirely on anecdotal reports, retrospective reviews, and expert opinion.

The treatment of Candida endocarditis typically involves a combined approach of antifun-
gal therapy and surgical intervention (valve replacement/repair or vegetectomy) for native
valve and prosthetic valves (3, 43, 46, 47, 93, 121–125). Pre-operative evaluation for sub-
clinical embolic phenomenon is performed at some centers; however, there is little evi-
dence this significantly alters surgical decision-making in the absence of intracranial hem-
orrhage (126). Controlled, comparative studies for treatment of Candida endocarditis are
lacking due to the relative rarity of the infection, but combination medical and surgical
therapy may be associated with better outcomes compared to medical therapy alone (3,
13, 41, 43, 69, 121). However, data are conflicting, and most reports describe relatively
small cohorts of patients with outcomes confounded by indication or comorbidities. In an
early review, Ellis et al. evaluated 270 patients with fungal endocarditis from 1965 to 1985
(3). For all patients, those receiving combined treatment with antifungal therapy and sur-
gery trended toward better outcomes (55% 1-year survival) compared to those who had
antifungal therapy alone (36% 1-year survival). Similarly, for 103 patients with Candida en-
docarditis, survival was significantly better with combined therapy (58%) than with anti-
fungal therapy alone (41%; P5 0.024) (3).

Steinbach et al. reviewed 879 cases of Candida endocarditis published from 1996 to
2002 to evaluate management (121). Of the 163 patients who met the inclusion criteria,
patients who had received adjunctive surgery had lower odds of death (prevalence odd
ratio, 0.56; 95% confidence interval [95% CI], 0.16 to 1.99) compared to those who did not
have surgery, and higher mortality was seen in patients who were treated with antifungal
monotherapy, although neither finding reached statistical significance.
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A more recent review from Arnold et al. evaluated 70 cases of Candida endocarditis from
the International Collaboration on Endocarditis (ICE) Prospective Cohort Study (41). In compar-
ing patients who had received adjunctive surgical therapy (n5 32) to those who had received
medical therapy alone (n 5 38), there was no difference in within-hospital mortality (38%
versus 34%; P 5 0.77) or 1-year mortality (66% versus 62%; P 5 0.76). Patient characteris-
tics were similar between the two groups except that the patients receiving surgery were
significantly younger and more likely to have an intracardiac abscess (41). Another recent
comparative study evaluated the long-term prognosis of Candida prosthetic valve endo-
carditis cases collected in France and Spain from 2001 to 2015 (43). Of 46 cases followed for
a median of 9 months, patients who received adjunctive surgery did not have improved
survival rates at 6 months.

In contrast to these studies, Meena et al. recently described a systematic review of 250
patients with fungal endocarditis, of which 124 (49.6%) had Candida endocarditis (69).
Treatment with surgery in addition to antifungal therapy was associated with decreased
mortality compared to antifungal therapy alone (hazard ratio, 0.20, 95% CI, 0.09 to 0.42;
P, 0.001).

For native valve or prosthetic valve Candida endocarditis, the recommended initial
treatment regimens are lipid amphotericin B 3 to 5 mg/kg per day, with or without 25 mg/kg
flucytosine four times daily, or a high-dose echinocandin (150 mg/d micafungin, 200 mg/d
anidulafungin, or 150 mg/d caspofungin) (Table 1) (124, 125). Clinical trials of antifungal ther-
apy for endocarditis are limited and much of the efficacy data are derived from treatment of
candidemia and candidiasis (124, 125, 127–130).

Most reported cases of Candida endocarditis have historically been treated with an
amphotericin B preparation (3, 9, 41, 46, 47, 61, 121, 131, 132). Lipid preparations of
amphotericin B are now more commonly used to reduce nephrotoxicity and infusion-
related reactions. Flucytosine is often added for potential synergistic activity; when it is
used, it is important to monitor for dose-related bone marrow toxicity (124). Data sup-
porting combination therapy are scarce: a meta-analysis of reported cases of Candida
endocarditis suggested that combination therapy, primarily with amphotericin B deoxycholate
plus flucytosine, is associated with improved outcomes compared to monotherapy, although
the difference was not statistically significant (121). Dosing differences between amphotericin
B deoxycholate and lipid amphotericin B formulations and the enhanced biofilm activity of
lipid formulations has caused these to be preferred in recent years (133).

Recent studies highlight the role of echinocandins in the treatment of Candida en-
docarditis (13, 41, 43, 46, 129). The use of echinocandins, either as monotherapy or in
combination with fluconazole, flucytosine, or amphotericin B, is becoming more common
for the treatment of Candida endocarditis. Recent case series have described echinocandin
use in up to 75% of patients with Candida endocarditis (13, 41, 43, 134). The increase in echi-
nocandin use reflects its overall improved safety profile (decreased renal toxicity) and similar
efficacy compared to amphotericin B preparations for the treatment of candidemia and can-
didiasis (124, 130, 135–137). Data are limited regarding the efficacy of higher-dose echino-
candins for Candida infections, but they appear to be safe (129, 137, 138). Compared to
amphotericin B deoxycholate and fluconazole, echinocandins have increased activity against
Candida biofilms in vitro, although lipid amphotericin B formulations appear comparable to
echinocandins (133, 139).

Data comparing amphotericin B preparations and echinocandins for the treatment
of Candida endocarditis are limited and may be subject to confounding (41, 43). In a recent
observational study of prosthetic valve Candida endocarditis, patients who had received
liposomal amphotericin B alone had improved survival at 6 months compared to those who
had received an echinocandin alone (43). In contrast, a small subgroup analysis of 33 patients
by Arnold et al. showed that mortalities (at 42 days or 1 year) with these regimens were not
significantly different (41). Of note, the sample size was small and 46% of people who
received an echinocandin also received another antifungal in combination.

Fluconazole in combination with one or more other antifungal therapies has been
effective in some cases of Candida endocarditis; however, fluconazole alone as an initial

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


therapy for Candida endocarditis has been associated with poor outcomes (132). Smego et
al. performed a meta-analysis of fluconazole use in endocarditis (132). Among patients who
received monotherapy with fluconazole, only 58% were cured or improved. In contrast,
among patients who received fluconazole in addition to another antifungal, 84% were cured
or improved (132).

Duration of Therapy

The recommended duration of antifungal therapy for Candida endocarditis is at least
6 weeks (124, 125). Step-down therapy to an azole such as fluconazole or voriconazole in
infections caused by azole-susceptible isolates can be considered provided that the patient
is clinically stable and has cleared Candida from the bloodstream (124, 125).

Following completion of initial therapy for Candida endocarditis, long-term suppressive
antifungal therapy is indicated in selected groups of patients. Because of the convenience

TABLE 1 Antifungal agents used during the treatment or suppression of endocarditisa

Medication Dosing regimenb

TDM and target trough
concentrations Adverse events

Triazoles
Fluconazole 400 mg (or 6 mg/kg) once daily Rarely needed QTc prolongation, headache, alopecia,

xerosis, cheilitis, LFT abnormality
Isavuconazole 372 mg (isavuconazole 200 mg) every

8 hours for 6 doses; maintenance: 372 mg
(isavuconazole 200 mg) once daily

.1mg/mLc Edema, hypokalemia, abdominal pain, LFT
abnormality, infusion reactions with
intravenous formulation

Itraconazole Solution (preferred) or capsule: itraconazole
200 mg twice daily; may give a loading
dose of 200 mg 3 times daily for the
3 days of therapy

Itraconazole:.1mg/mL;
hydroxyitraconazole1
itraconazole
(.2mg/mL)

QTc prolongation, edema, hypertension,
hypokalemia; negative inotrope, LFT
abnormality

Posaconazole 300 mg twice daily for 2 doses, then
300 mg once daily

.1mg/mLd Gastrointestinal, edema, hypertension,
hypokalemia

Voriconazole 6 mg/kg twice daily for 2 doses, then
4 mg/kg twice daily

125.5mg/mL QTc prolongation, photopsia, hallucinations,
photosensitivity, periostitis, alopecia/nail
changes, LFT abnormality

Echinocandins
Caspofungin 70 mg on day 1, then 50 mg once daily Not indicated Hepatotoxicity, infusion reactions,

gastrointestinal effectsMicafungin 100 mg once daily
Anidulafungin 200 mg on day 1, then 100 mg once daily
Rezafungin 400 mg once on day 1, then 200 mg once

weekly beginning on day 8
Hypokalemia, diarrhea, infusion reactions

Glucan synthase inhibitors
Ibrexafungerp 750 mg twice daily for 4 doses, then

750 mg dailye
Not indicated Abdominal pain, diarrhea, nausea, headache

Polyenes
Liposomal amphotericin B 3 to 5 mg/kg per day Not indicated Infusion-reactions, nephrotoxicity (higher

rate with Amb-d than lipid formulations),
electrolyte abnormalities (hypokalemia,
hypomagnesemia, and hyperchloremic
acidosis)

Amphotericin B lipid complex 5 mg/kg per day
Amphotericin B deoxycholate 0.5 to 0.7 mg/kg/day; dose may be

increased to as high as 1 mg/kg/day

Antimetabolites
Flucytosine Only to be used in combination with other

agents: 25 mg/kg/dose 4 times daily
,100mg/mL Hematologic (leukopenia and

thrombocytopenia), hepatic, and
gastrointestinal

DHODH
Olorofim Available under compassionate use program Not indicated Hepatoxicity

aLFT, liver function tests; TDM, therapeutic drug monitoring.
bDoses used for suppression are often similar to those used for treatment and reflect the opinions of the authors, clinical data for suppression dosing is lacking. None of the
listed agents are FDA approved for the treatment of fungal endocarditis (349).

cIsavuconazole troughs of,4.6mg/mL have been advocated in some reports.
dPosaconazole toxicity seen primarily with levels of.4mg/mL.
eListed ibrexafungerp dosing is based on ongoing clinical trials and may need to be optimized pending additional data.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


of oral suppressive therapy, most clinical experience has been with azole antifungals, par-
ticularly fluconazole. Among patients with native valve Candida endocarditis, there are few
data that support the use of chronic suppressive antifungal therapy following a combined
approach of valve removal with replacement or vegetectomy, together with concomitant
antifungal therapy with either amphotericin B, with or without flucytosine, or an echino-
candin or for several weeks post-valve replacement (124). Stepdown therapy to an azole
such as fluconazole following an initial course of amphotericin B or an echinocandin is a
relatively common practice, although the rationale for these decisions is rarely discernible
in published reports (41, 46, 54, 121, 125, 132, 140). The driving force behind this practice is
based on a concern for relapsing disease in patients with a newly placed prosthetic device.
As such, these decisions are determined on a case-by-case basis and preclude evidence-based
recommendations.

There is more agreement for the role of chronic suppressive antifungal therapy with an
azole in the setting of prosthetic valve endocarditis (41, 93, 141–143) or if surgery is not per-
formed (41, 132). There are also limited data to suggest that right-sided Candida endocardi-
tis has a much lower associated mortality than left-sided disease and could be managed
with azole therapy alone in selected cases (144). For those with Candida prosthetic valve en-
docarditis, fluconazole or voriconazole chronic suppression is associated with better out-
comes (134), ideally following a 6-week course of primary therapy with an echinocandin or
amphotericin B formulation. Data for posaconazole and isavuconazole is limited and these
agents should thus be used with caution, but either of them may be useful for chronic sup-
pression. Drug-drug interactions are common with the use of triazoles (e.g., methadone, cy-
closporine, tacrolimus) and it is essential to review concurrent medications during therapy.
This practice is based on an observed high risk of relapsing disease and death associated
with Candida prosthetic valve endocarditis (41, 43, 69, 134).

Among patients for whom valvular surgery is either contraindicated or not an option,
chronic (lifelong) suppressive antifungal therapy with frequent clinical follow-up is prudent
(124, 132). For patients with fluconazole-susceptible pathogens, fluconazole has proven to
be both safe and effective and has been administered for years with favorable tolerability
(43, 141, 142, 145). Voriconazole, posaconazole, or isavuconazole are options for those in
whom fluconazole is not an acceptable therapy (43). Lifelong suppressive antifungal therapy
is rarely possible for patients for whom no oral option is available, and sometimes investiga-
tional drugs/drugs in clinical development are used in this setting. There are anecdotal
reports of successful suppression with ibrexafungerp therapy for more drug-resistant Candida
spp. (e.g., N. glabrata and C. auris) (personal communication, G.R.T.).

Complications

Complications in Candida endocarditis include both cardiac-related issues and extracar-
diac manifestations due to septic emboli (Fig. 4). Heart failure from significant valvular regur-
gitation via valve destruction may occur in 20% to 35% cases, a lower rate than observed
in bacterial endocarditis (10, 13, 41, 43, 46, 68, 146). Other complications include abscess
formation (17% to 26% of cases) (46, 68), aneurysm, heart block, and myocardial infarction
(95, 147–150).

Septic embolism in Candida endocarditis occurs in 30% to 80% of cases, with the highest
percentage reported in a cohort consisting predominantly of people who injected drugs
(10, 13, 43, 46, 53). Candida endocarditis affects primarily the mitral and aortic valves.
Embolic complications are most frequently observed in the brain, spleen, and peripheral
extremities, although virtually any organ may be involved (13, 151, 152). The reported
embolic risk tends to be greater than in bacterial endocarditis (20% to 50%), probably due
to the overall larger vegetations which are a well-known risk factor for septic embolization
(10, 68, 153).

Mycotic aneurysms (dilatation of the arterial wall secondary to infection) may also occur
(154). This complication is fortunately rare (95), although it may involve any vascular struc-
ture of any size. The presence of a mycotic aneurysm carries a poor prognosis, with reported
mortality rates of 60% in those with an intracranial mycotic aneurysm and 80% when a rup-
ture occurs (155, 156).
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Ophthalmological screening is recommended in candidemia for infectious involvement
of the eye based on a randomized clinical trial showing eye involvement in 16% of cases,
although this was lower, 11%, in a more recent study (87, 124, 157–159). It should be noted
that for Candida endocarditis, the incidence of eye involvement varies substantially (5% to
25%) (53, 140).

CRYPTOCOCCUS SPP.

Cryptococcus is a rare cause of infective endocarditis, with fewer than 20 cases reported
to date. Prior valvular surgery (repair or replacement) and immunosuppression are the most
common predisposing factors, with the mitral valve being most frequently involved (160–166).
Surgical treatment has been associated with survival, although a survival bias is likely. Serum
cryptococcal antigen (CRAG) testing is highly sensitive for the diagnosis of invasive cryptococco-
sis, but it is not specific for the site of disease. The majority of cases have been diagnosed in
the setting of positive blood or thrombus cultures in conjunction with echocardiography find-
ings (160–166). Guidance regarding treatment is based on therapy for disseminated cryptococ-
cal infection. A lumbar puncture to evaluate for evidence of central nervous system involve-
ment is indicated in all cases of disseminated cryptococcal infection. Surgical consultation in
conjunction with combined liposomal amphotericin B and flucytosine for a minimum of
2 weeks followed by long-term fluconazole is recommended. Attempts to improve any host
immunologic deficits should also be undertaken.

NON-CANDIDA, NON-CRYPTOCOCCUS YEASTS

Non-Candida yeasts have emerged as significant pathogens in the last decade (167–170).
Endocarditis caused by the ascomycetous yeasts Geotrichum, Kodamaea, Saccharomyces, and
Saprochaete/Magnusiomyces and the basidiomycetous yeasts Trichosporon, Malassezia,
Rhodotorula, and Sporobolomyces have been reported (5). These yeasts are commensals
of the human skin, mucosa, and gastrointestinal tract and are prevalent worldwide and

FIG 4 Systemic and local complications of fungal endocarditis. Yellow rim indicates greater risk compared to
bacterial endocarditis.
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common in the environment (171, 172). They may be dismissed as contaminants and,
unsurprisingly, are often misidentified. Serious disease is most commonly observed in
immunocompromised settings, but infections also occur in immunocompetent patients,
both with high mortality (173, 174). Fungemia is a common clinical manifestation for
uncommon yeast pathogens and is associated with in situ central venous access
devices (CVADs). Organ involvement is well-described, including dissemination to the
liver, spleen, brain, and heart. Endocarditis has been reported and hinges on the timely
recognition of disease syndromes. Given the rarity of such infections, the burden of dis-
ease is uncertain.

Geotrichum spp.

Many species previously classed as Geotrichum spp. have been reassigned to the genera
Saprochaete and Magnusiomyces. Geotrichum candidum is the predominant remaining
pathogenic species in this genus and is ubiquitous in soil, decaying matter, and food (175).
At-risk host groups include those with hematologic diseases, malignancy, and uncontrolled
diabetes mellitus (173). Endocarditis is rare, with a single case reported in a child with pul-
monary atresia (176).

Kodamaea spp.

Of the Kodamaea fungi, K. ohmeri is the most well established, yet it is a rare pathogen.
Case reports of endocarditis have been described with or without fungemia, which is the
most common manifestation of Kodamaea infection. Endocarditis has occurred in a neo-
nate with necrotizing enterocolitis (NEC) in the ICU, as well as in adults with underlying
heart disease, cardiac prostheses, intravenous drug use, and infectious hepatitis. Embolic
phenomena, including splenic infarcts and vascular emboli, have been elucidated by the
appropriate imaging techniques (177–179). Vegetations on an echocardiogram are rela-
tively large (11 to 30 mm).

Malassezia spp.

The two species most commonly reported to cause IFD are Malassezia furfur and
Malassezia pachydermatis (180, 181). Malassezia are lipid-dependent (except for
M. pachydermatis) fungi which are stable, dominant components of the human skin
microbiome. They form biofilms and can colonize devices such as CVADs. Hence, if the skin is
breached, they may enter into the bloodstream in vulnerable populations such as premature
babies or patients receiving lipid supplements or parenteral nutrition (5). Fungemia is frequent
but endocarditis has been rarely reported, with only one case each in a neonate with NEC and
an adult with injection drug use and melanoma (182, 183). However, the frequency is likely
underestimated becauseM. furfur does not grow in routine blood culture systems. Of interest,
in a study of culture-negative endocarditis, Hammou et al. found Malassezia restricta DNA in
3/16 cases, with histopathology showing the presence of fungi consistent with Malassezia
forms (184).

Saccharomyces spp.

Few cases of Saccharomyces endocarditis have been reported (9, 185–190). None of
the patients affected were immunocompromised. Five cases occurred in persons with pros-
thetic valves, as early as 2 weeks post-operatively (9, 187–190), with two of the five cases
occurring in persons who had injected drugs (187, 188). In one case, the authors discovered
that cocaine injected 2 weeks previously had been adulterated with a flour mix containing
dried yeast (188). The diagnosis was usually made from blood culture in the context of a
vegetation on the prosthetic valve. Two patients with negative cultures of blood and valve
or para-aortic root abscess tissue had the diagnosis confirmed by 18S rRNA sequencing of
affected tissue (186, 188). Amphotericin B formulations and/or azoles were typically used.
Four patients were also managed surgically, and three who were managed conservatively
without surgery recovered with antifungals. Of note, in a review of 20 cases of S. cerevisiae
var. boulardii infection where fungemia was common, endocarditis was not described (191),
suggesting the rarity of this manifestation.
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Saprochaete/Magnusiomyces spp.

Members of the genus Saprochaete were previously placed under the genera Geotrichum
or Blastoschizomyces; hence, previous clinical data may be found under the names of these
genera. These yeasts likewise commonly cause fungemia and disseminated disease in hema-
tology/oncology patients, including those receiving echinocandin agents, but may also
cause disease in immunocompetent hosts. Four cases of endocarditis caused by
Magnusiomyces capitatus have been reported (under prior nomenclature as Trichosporon
capitatum) (192, 193): 3 patients had intracardiac prosthetic valves, with 1 having undergone
hematopoietic stem cell transplantation, and 1 patient had asthma and was receiving corti-
costeroid therapy (192).

Rhodotorula spp.

Rhodotorula spp. are found in dairy products and in fomites such as shower curtains
(194), as well as in the natural environment. The main pathogenic species are Rhodotorula
mucilaginosa, R. glutinis, and R. minuta (195). Fungemia is observed in patients with indwell-
ing CVADs, but endocarditis and other end organ infections have been described (196, 197).
The first case was reported in 1960 (198) in a 47-year-old woman with rheumatic heart disease.
Since then, at least 10 cases of Rhodotorula endocarditis have been reported (197, 199–203).
Infection in those with prosthetic cardiac valves (197, 200), in the setting of prior kidney trans-
plantation (197, 203), and in cases of cardiac transplantation have been observed (201, 202).
All patients were treated with antifungals (mainly with amphotericin B formulations) and four
had cardiac surgery; all patients survived.

Trichosoporon spp. and Cutaneotrichosporon spp.

In light of recent taxonomic revisions, a number of clinically relevant species previously
classified as Trichosporon species, such as T. cutaneum (synonym: T. beigelii) and T. dermatis,
were transferred to a new genus, Cutaneotrichosporon (204). However, because these changes
have not yet been widely adopted by clinicians or microbiology laboratories, and to maintain
continuity with the literature, we have chosen to use the old name for Cutaneotrichosporon
cutaneum (T. cutaneum). Trichosporon asahii is the most common pathogenic species impli-
cated in human disease, followed by T. inkin, T. faecale, T. asteroides, and T. coremiiforme
(5, 205). However, among cases of endocarditis, T. cutaneum (now: C. cutaneum, synonym:
T. beigelii) predominates (5).

We identified 23 patients reported in the literature with endocarditis caused by
Trichosporon spp. (206–228). The most common species causative of endocarditis in
these genera is T. cutaneum, comprising 14 reported cases (209–222), followed distantly by
T. asahii (3 cases [206–208]), T. mucoides (2 cases [225, 226]), and T. inkin (2 cases [223, 224]);
in 2 cases (227, 228) the species was not specified. All but 1 case (212) occurred in patients
with intracardiac prosthetic material. Of these cases, 18 occurred in the setting of prosthetic
valves, one patient had infection of an artificial heart (ventricular assist device) (222), 1 had
infection of a patch inserted for a ventricular septal defect (207), 1 had a peritoneovenous
shunt with the tip extending into the right ventricle to the tricuspid valve (216), and 1 had a
cardiac transplantation with vegetations at the aortic anastomotic suture line (228). There
were two patients reported to inject drugs, including the only patient who had no history of
intracardiac prosthetic material (212, 215). Clinical presentations with embolic phenomena
were common and mortality rates were high. Sixteen patients were managed with surgery,
and 18 received antifungals. Recalcitrant and relapsing infection has been particularly chal-
lenging in some cases, sometimes requiring repeated surgical revision even after many
months of therapy (214, 215, 218).

Diagnosis of Rare Yeast Endocarditis

Both laboratory-based and imaging techniques are often required for diagnosis. Blood
cultures are essential, as is culture of cardiac tissue obtained at surgery. Of note, blood cul-
ture and other media require supplementation with lipids (e.g., olive oil) when Malassezia
infections are suspected. Gram-stains of blood cultures and heart/vascular tissue provide
important clues to rapid presumptive diagnosis where ovoid budding yeast cells with or
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without hyphal forms are seen. Monopolar, broad-base budding yeast-like cells are highly
suggestive of Malassezia spp. Identification of the yeast cultured is enabled through mor-
phology with examination for distinctive arthroconidia or blastoconidia, phenotypic identi-
fication systems, MALDI-TOF MS (matrix-assisted laser desorption ionization–time of flight
mass spectrometry), and, most definitively, by internal transcribed spacer (ITS) sequencing
or in situ genome sequencing (IGS) in the case of Trichosporon species.

Histopathology using standard fungal stains is also essential for diagnosis and is strongly
recommended for cardiac valves. Importantly, although these organisms are ‘yeasts’, they
can exhibit yeast as well as hyphal or pseudohyphal forms in vivo and can be visualized as
long slender hyphae. Direct detection in tissue by pan-fungal PCR targeting the ITS/IGS region
followed by DNA sequencing can also provide rapid diagnosis; the sensitivity is highest
when the specimen is freshly obtained and where fungal forms are visualized (229, 230).
Susceptibility testing may guide therapy even though neither clinical breakpoints nor epide-
miological cutoff values are defined for rare yeasts.

Regarding Candida endocarditis, TEE is superior to the transthoracic approach.
Echocardiogram is essential for certainty of (pre-surgical) diagnosis and to delineate the
extent of the disease. In one case of Rhodotorula endocarditis (197), indium-111 labeled
leukocyte SPECT scanning showed a high likelihood of infection at the aortic root. More
experience is required to establish the diagnostic utility of this and other newer imaging
techniques. These diagnostic approaches and their application in clinical practice are sum-
marized in recent guidelines for the management of rare yeast infections (5).

Treatment of Rare Yeast Endocarditis

The principles of management are similar for rare yeasts and consist of antifungal suscep-
tibility testing of the isolate, antifungal therapy, and surgery. Early engagement with surgical
colleagues for consideration of vegetectomy or valve replacement is essential. In general, a
longer period of induction treatment (at least 6 to 8 weeks for native valve and up to 1 year
for prosthetic valve infection) is required (5) followed by long-term (1 to 2 years) suppressive
therapy, especially when surgery is not performed. Treatment duration should be guided by
clinical responses and other factors such as unresected lesions, retained intra- or extracardiac
prosthetic material, and immunosuppression.

In contrast to Candida spp., the non-Candida rare yeasts generally exhibit elevated MICs
to the echinocandins, and this class is not recommended. In general, amphotericin B formu-
lations are the preferred agents, with the notable exception of Trichosporon infections,
for which an azole is preferred (231, 232). Table 2 shows the first-line or preferred treatment,
alternative options, and which agents not to employ for these yeast infections. CVADs should
be removed where possible (5).

Aspergillus

Epidemiology and risk factors. Aspergillus endocarditis accounts for approximately
one-fourth of all fungal endocarditis cases. More recent estimates suggest that the incidence
has declined, potentially from the use of antifungal prophylaxis in highly immunocompro-
mised patients (233). Aspergillus endocarditis occurs primarily in males and in those with
underlying cardiac abnormalities, those with prosthetic valves, the highly immunosup-
pressed, those who inject drugs, and those with implantable cardiac devices (233–236).
Environmental exposures have been associated with hospital outbreaks, with contamina-
tion during surgical procedures or in the postoperative setting (233, 237, 238). Cardiac
surgery seems to play a particular role as an independent risk factor for Aspergillus endo-
carditis. Among 124 cases of postoperative Aspergillus endocarditis reported in 2006, none
of the patients were immunosuppressed or had evidence of bronchopulmonary aspergillo-
sis (239). In another study, 74% of patients with Aspergillus endocarditis had a history of
recent surgery (68% with prior cardiac surgery) (240). In children, congenital heart disease
is the most common risk factor (241). The majority of cases are caused by A. fumigatus,
followed by A. terreus, A. niger, and A. flavus (242), although cryptic species have been
described (233, 243).
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Diagnosis, Clinical Presentation, Complications, and Prognosis

Diagnosis is often difficult to make and almost always delayed, with diagnosis made
postmortem in up to one-third of cases (240). Fever, the presence of a new murmur, heart
failure or dyspnea, and stigmata of peripheral emboli, such as new neurologic deficits, are the
most commonly encountered clinical features, and extracardiac manifestations are common
(Fig. 5) (233, 244). However, fever is less common in Aspergillus endocarditis than in endocardi-
tis from other causes (233, 244).

Blood cultures are generally negative in Aspergillus endocarditis. When blood cultures are
positive, Aspergillus are more likely to be a contaminant than to represent true fungemia
(245). Histopathology and culture of resected valvular tissue or emboli is the most common
method used to confirm a diagnosis. The use of noninvasive diagnostics such as serum GM

FIG 5 Tricuspid valve endocarditis caused by A. fumigatus. (A) Off-axis, 4-chamber view of large tricuspid valve (TV) vegetation on transesophageal echocardiogram
(right atrium, RA; right ventricle, RV). (B) Left pulmonary artery embolus (blue arrow). (C) Peripheral consolidative opacity from emboli.

TABLE 2 Antifungal drug treatment in patients with fungal endocarditis caused by Candida, Aspergillus, rare molds, rare yeasts, and endemic
fungi, by causative pathogena

Pathogen(s) First line (preferred) agent Alternative agent Agents to avoid
Candida spp. L-AmB6 5-FC or echinocandins

(high dose)
L-AmB1 5-FC/echinocandins or
echinocandins1 5-FC/FLU

FLU (for initial therapy)

Aspergillus spp. VRC or L-AmB POS or ISA AmB-d

Rare Molds
Mucorales L-AmB6 echinocandin POS or ISA AmB-d
Fusarium spp. VRC6 L-AmB L-AmB AmB-d
Lomentospora spp. VRC1 TRB VRC L-AmB
Scedosporium spp. VRC VRC1 L-AmB/echinocandin/TRB L-AmB
Phaeohyphomycoses POS or VRC6 echinocandins/TRB L-AmB6 echinocandins AmB-d
Scopulariopsis ISA or VRC6 L-AmB L-AmB
Paecilomyces spp. L-AmB6 POS POS

Rare yeasts
Cryptococcus spp. L-AMB1 5FC FLU Echinocandins
Kodamaea ohmeri L-AmB or D-AmB Echinocandins -
Malassezia spp. L-AmB D-AmB -
Pseudozyma (Moesziomyces/
Dirkmeia) spp.

L-AmB VRC FLU, echinocandins

Rhodotorula spp. L-AmB6 5-FC D-AmB6 5-FC Triazoles, echinocandins
Saccharomyces spp. L-AmB or D-AmB FLU or echinocandin -
Saprochaete/Magnusiomyces spp. L-AmB6 5-FC VRC Echinocandins
Sporobolomyces spp. L-AmB VRC FLU
Trichosporon spp. VRC or POS FLU or POS Echinocandins

Endemic mycoses
Blastomyces spp. L-AmB followed by ITR
Coccidioides spp. L-AmB followed by azole
Histoplasma spp. L-AmB followed by ITR
Sporothrix spp. L-AmB6 ITR

a5-FC, 5-flucytosine; ABLC, amphotericin B lipid complex; AmB, amphotericin B; AmB-d, amphotericin B deoxycholate; FLU, fluconazole; ISA, isavuconazole; ITR, itraconazole;
L-AmB, liposomal amphotericin B; POS, posaconazole; TRB, terbinafine; VRC, voriconazole. Adapted from previous treatment recommendations (4–6, 81, 126, 304, 305).
Antifungals are adjunctive to surgical evaluation.
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or BDG may be positive, but these are not specific for the site of disease (246), and additional
diagnostic testing should be performed in an attempt to ensure that the correct diagnosis is
made because GM and BDG assays may cross-react with other fungi (247). If GM testing is pos-
itive, this test may be useful to monitor the response to therapy (248). Molecular testing for
Aspergillus spp. remains limited in the United States, but is commercially available in Europe,
Australasia, and parts of Asia-Pacific (12, 249, 250) and has been used to confirm the diagnosis
on resected tissue (233). The performance characteristics of PCR vary and are dependent upon
the different technologies, cycle thresholds for positivity, microbial targets, and study popula-
tions (104, 251). Similar to GM and BDG testing, a positive Aspergillus PCR result may suggest
active infection, but is not specific to any site. Serial PCR testing may be useful to monitor the
response to therapy although no data in this regard are available yet. The aortic and mitral
valves are most frequently infected (233). Multi-valve involvement is not uncommon (234).
Prior valvular abnormalities and/or prior valvular surgery or prosthetic material particularly pre-
disposes to vegetations by Aspergillus spp., either on prosthetic valves or the wire of pace-
makers (235); however, affected native valves have also been reported, mostly in persons who
inject drugs (240, 244). Echocardiographic features of Aspergillus endocarditis include large
and/or pedunculated vegetations, which are associated with a high likelihood of large or cata-
strophic embolic complications in the absence of positive blood cultures.

Aspergillus vegetations, often the first sign of infection, may cause life-threatening
emboli due to their size, and occur more frequently in Aspergillus endocarditis compared to
bacterial endocarditis (16). Aortotomy site vegetations and aortic abscess/pseudoaneurysm
are also commonly seen in Aspergillus endocarditis (244). Patients with Aspergillus endocardi-
tis may also progress to Aspergillus pericarditis, or undergo rupture of chordae tendineae,
leading to acute valvular decompensation (16, 252). Various additional complications, includ-
ing pulmonary hypertension as a result of septic embolism to the lung, have been described
(253). Radiographic imaging of any symptomatic site and of the brain are indicated to fully
delineate the extent of disease because these findings may significantly impact surgical
management. Mortality rates are high (50% to 95%) (69, 240) and the mean survival period
in one study was only 11 days from the time to diagnosis (3).

Treatment

A combined medical and surgical approach (valve replacement) is paramount in attempts
to improve patient outcomes because neither alone has a significant influence on patient
outcomes (16, 254, 255). Surgery aims to remove endocardial vegetations, as they are re-
sponsible for the catastrophic complications and contribute to the high mortality rates in
Aspergillus endocarditis, to replace infected valves, and to aid diagnosis (16). Furthermore, in
cases with embolic complications, surgical resection of the embolic mass may be indicated
to restore blood circulation. In the case of Aspergillus vegetations on pacemaker wire, surgi-
cal removal via either intravascular retraction methods or thoracotomy (particularly if vege-
tations are larger than 1 cm, where the risk of fatal embolic events during retraction is high)
is performed (236, 256). Host factors, comorbid conditions, and the presence of complica-
tions/emboli at the time of diagnosis may significantly impact the decision for surgical inter-
vention. Treatment with antifungal agents alone is rarely successful; only 4% (2/53) of cases
were treated successfully with antifungal therapy alone, while 17 of 53 reported cases (32%)
who received combined surgery and antifungal treatment survived the acute episode of
Aspergillus endocarditis (234). In another study, only 1/17 cases survived with antifungal
treatment alone (240). Current guidelines recommend voriconazole or liposomal amphoteri-
cin B (3 to 5 mg/kg per day) as first-line agents (257). Prospective data are not available and
are unlikely to be presented. Recommendations are therefore based on case reports (256),
case series (240), and animal models of infection (258). Combination antifungal therapy,
such as with an azole and an echinocandin, may also be used (259). Alternative treatment
options may include isavuconazole or posaconazole; in the future, monotherapy with oloro-
fim and fosmanogepix or combination therapy with liposomal amphotericin B and fosma-
nogepix or ibrexafungerp, for example, may be options (260–262).

The high mortality rate limits guidance on recurrence rates and recommendations
for long-term therapy or follow-up. Recurrence may occur late, in some cases years after the
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initial diagnosis. Long durations of therapy are recommended, and consideration for lifelong
therapy should be discussed with the patient to prevent recurrence (240).

NON-ASPERGILLUSMOLDS

Data on endocarditis caused by rare molds are nearly exclusively available from case
reports and small case series (4). It is evident that endocarditis occurs more frequently in
certain rare mold infections (e.g., 10% of invasive Paecilomyces infections [263], 4% of
phaeohyphomycoses [264], and relatively often in patients with scopulariopsis [265] or
lomentosporososis [266]), while it is extremely rare in cases of mucormycosis or fusariosis.
These differences may be due to the affinity of some of these organisms, particularly
Paecilomyces and Scopularia spp., to cause foreign body infection, resulting in an accumula-
tion of prosthetic valve endocarditis cases caused by these pathogens.

Mucormycosis

Endocarditis remains a very rare manifestation of mucormycosis despite the increas-
ing incidence of these infections (267). When endocarditis does occur, it is predominantly
caused by Cunninghamella spp. (268–271) (although small numbers of cases caused by
other Mucorales, such as Rhizomucor miehei [272], have been reported) and occurs almost
exclusively in immunocompromised patients (268–273). Very rarely, Mucorales endocarditis
may occur in immunocompetent hosts (274), such as persons who inject drugs and/or those
with prosthetic valves (275). Native valve endocarditis has been described in most case reports
to date (268–273), but prosthetic valve endocarditis in people with and without injection drug
use has also been observed (275, 276). Diagnosis in those cases was achieved by detection
of Mucorales from valves or valve tissue post-surgery or at autopsy. Galactomannan and
BDG testing are negative in patients with mucormycosis (277), and while a number of bio-
markers have been described and are in various stages of clinical development (278), no
other biomarker is currently available for clinical use. PCR testing is commercially available
(MucorGenius, PathoNostics, Maastricht, Netherlands; MycoGenie, Ademtech, Pessac, France;
and Fungiplex, Bruker, Bremen, Germany) (279), although we are unaware of any reports
using PCR directly from blood for the diagnosis or follow-up of Mucorales endocarditis, while
there are reports in which PCR analysis was used to identify vegetations (270). Despite
aggressive and prompt treatment with high-dose liposomal amphotericin B and surgery,
the outcome is nearly always fatal (280). Future treatment options include combination ther-
apy with liposomal amphotericin B and synergistic new compounds (281, 282).

Fusariosis

Despite the relative frequency of fungemia in cases of fusariosis (4), surprisingly few
cases of Fusarium endocarditis have been reported to date, although disseminated disease
including the heart is seen in progressive uncontrolled infection. Fusarium solani species
complex (283–286) and Fusarium keratoplasticum (287) have caused primarily native valve
endocarditis (283, 284, 288), occurring in the immunocompromised (283–288), with three
cases reported in children (283, 286, 289). Blood cultures or direct detection of Fusarium
spp. from tissue or valves may confirm the diagnosis, with voriconazole or liposomal ampho-
tericin B (or the combination of both) being the recommended first-line treatment together
with surgery (4).

Scedosporosis

To date, few cases of endocarditis caused by Scedosporium have been reported.
Scedosporium apiospermum infection of a native valve is responsible for approximately
half of all cases (290–292), and is the cause of pacemaker and prosthetic valve endocarditis
in the other half (293–295). Risk factors for native valve endocarditis included penetrating
trauma (292), prolonged hospitalization (291), and immunosuppression after heart trans-
plantation (290). Diagnosis is made by blood culture or culture and/or panfungal PCR from
infected tissue or valves, and the antifungal treatment of choice, in combination with surgery,
is voriconazole (4).
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Lomentosporosis

Fungemia is a frequent clinical manifestation of lomentosporosis, with blood cultures
yielding Lomentospora prolificans growth in about half of cases (296). The risk of dissemina-
tion in hematopoietic stem cell transplant and solid organ transplant patients depends on
the type of transplantation and immunosuppressive regimen (297). However, few cases of
L. prolificans endocarditis have been reported, and predisposing conditions include the
presence of prosthetic valves or intracavitary devices (266, 298–300). Systemic, cerebral
and/or pulmonary emboli, and other metastatic complications have been described in all
reported cases, including septic arthritis, endophthalmitis, and meningitis (266, 298). Cases
of endocarditis are more frequent in lomentosporosis than in other mold infections, and
current guidelines recommend echocardiography (preferably TEE) when clinical suspicion
arises (4, 298). Disease is uncommon in non-immunocompromised patients but has been
reported (266, 298, 301, 302). In most immunocompromised hosts, Lomentospora endocar-
ditis occurs as a breakthrough infection in patients receiving mold active antifungal pro-
phylaxis (298, 303). Susceptibility testing commonly shows in vitro resistance to all currently
available antifungals (299). Reported cases have received combination antifungal therapy
with a mold-active triazole in conjunction with liposomal amphotericin B (298, 299), with
the combination of voriconazole and terbinafine being the recommended first-line treat-
ment for Lomentospora infections in general (4). Future treatment options may include
olorofim or fosmanogepix, novel antifungals that are currently in late-stage clinical devel-
opment (262). Surgical intervention is undertaken in;50% of cases (299), yet mortality rates
are;80% overall and close to 100% in immunocompromised cases (266, 298, 299). Patients
with right-sided endocarditis associated with a removable intracardiac device have a more
favorable prognosis than other groups (266).

Phaeohyphomycoses

Melanized molds may cause endocarditis after valve replacement (304–306) or affect
native valves (264, 307). While cases of prosthetic valve endocarditis have occurred in
immunocompetent patients (304–306), 3 out of 4 patients with native valve endocarditis
were solid organ transplant recipients, while the other patient was not immunosup-
pressed (264, 307). In one large study, 3/79 (4%) of cases with phaeohyphomycosis had
endocarditis, indicating that endocarditis may be a relevant manifestation of disseminated
phaeohyphomycosis (264). Blood cultures were positive in most reported cases, and all
reported patients had large (.1-cm) vegetations noted on echocardiography (264, 304–307).
A variety of fungal species were found as causative pathogens, including Exophiala der-
matidis, Thermomyces lanuginosus, Verruconis gallopava (formerly Ochroconis gallopava),
Fonsecaea pedrosoi, and Curvularia lunata (264, 304–307). Combination therapy with vori-
conazole/posaconazole plus an echinocandin or terbinafine has been used in most survivors
(264, 305–307), while azole monotherapy was associated with failure in 3 out of 4 patients
(264, 304, 305).

Scopulariopsis

There are several reports of prosthetic valve endocarditis caused by Scopulariopsis
spp., highlighting the affinity of this rare mold to cause foreign body infections (9, 265,
308–315). Of note, all cases reported to date have been caused by Scopulariopsis brevicau-
lis (311). Scopulariopsis spp. can be difficult to distinguish from Aspergillus, Fusarium, or
Scedosporium spp. by morphology alone, and therefore species-level identification with
molecular techniques should be performed (316). S. brevicaulis is known to show resist-
ance to broad-spectrum antifungal agents such as amphotericin B, flucytosine, itracona-
zole, voriconazole, and terbinafine (311, 317); therefore, antifungal susceptibility testing,
even in the absence of defined clinical breakpoints, may be important for the selection of
an optimal antifungal regimen (4, 309, 311). Given the high relapse rates, long-term sup-
pressive therapy with antifungals after medical and surgical treatment of endocarditis has
been recommended (9, 309, 311, 318, 319). Successful management has been reported
with surgery and long-term combination antifungal therapy often containing voriconazole
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or isavuconazole in conjunction with liposomal amphotericin B, followed by chronic
suppression (309, 311).

Paecilomyces spp.

Among 59 cases of Paecilomyces variotii infection reported in a recent study, 6 (10%) had
endocarditis affecting prosthetic heart valves while others had infections of other indwelling
devices (29/59; 49%), and infection can be seen in immunocompetent and immunocompro-
mised patient populations (263, 320). The mortality of prosthetic valve endocarditis is high,
67% (263, 320), although previous cases (prior to 2009) had mortality rates approaching
100% (321–325). Diagnosis is made either via blood cultures or by detection of the mold in
infected tissue or explanted heart valves. Treatment is usually liposomal amphotericin B (4),
often in combination with a mold-active azole and aggressive surgery (263, 320).

Other Rare Molds

Disseminated infections caused by Penicillium spp. have been rarely reported (4),
including 3 case reports of endocarditis, all occurring in patients with prosthetic valves
(326–328). Two case reports have described endocarditis caused by Purpureocillium lilacinum,
in both cases complicated by subaortic aneurysm (329, 330). A single case of endocarditis
caused by Coprinus spp. has also been reported (331).

ENDEMIC MYCOSES

The diagnosis of endemic mycoses has been recently reviewed in detail (104, 332, 333).
Endocarditis with these organisms is infrequent and requires a high index of suspicion.

Blastomyces

There have been few cases of endocarditis due to Blastomyces spp. These have presented
in late stages of disease, with a large intracardiac mass and respiratory failure (334), coronary
artery dissection with disseminated disease (335), and left-sided endocarditis with renal, me-
ningeal, and visceral emboli (336). The diagnoses in these cases were based on detection
of the fungus in bronchial washings, arthrocentesis cultures, and autopsy findings, respec-
tively. Treatment should consist of lipid amphotericin followed by itraconazole therapy
(see Table 2).

Coccidioides

Coccidioidal endocarditis is also rare, even in patients with Coccidioides detected in
blood cultures (337, 338). All patients reported to date have had multifocal coccidioidomycosis
and involvement primarily of the mitral or aortic valves. Serologic testing was posi-
tive in all patients, although complement fixation titers varied widely (1:1 to 1:2,048)
(339). Histopathology of the resected valve was positive for coccidiodal forms in all
but one case. A mortality rate of 67% has been reported based on a review of previously
identified cases. A combined surgical approach with a lipid amphotericin B formulation fol-
lowed by a triazole is indicated.

Histoplasma

Histoplasmosis is the most common cause of endocarditis among the endemic mycoses,
yet fewer than 100 cases have been reported. In areas where Histoplasma spp. are endemic,
they may cause around 14% of fungal endocarditis cases; 3/21 fungal endocarditis cases
observed at the Mayo clinic between 1970 and 2008 were caused by Histoplasma capsula-
tum (82). Histoplasma endocarditis is most common in men (;80%) with pre-existing diabe-
tes mellitus, chronic pulmonary disease, or known cardiac valvular disease (340). Prosthetic
valves are most often affected, and in one case series of 14 cases within a decade across
medical centers in the US, 10/14 had an infected prosthetic aortic valve (341). The diagnosis
is commonly made based on urine or serum Histoplasma antigen positivity, which appears
to have a higher sensitivity in those with prosthetic valve involvement. Histoplasma serology
is positive in over 90% of cases (340, 341). Histopathologic evaluation of the resected valves
is positive in almost all cases. Dissemination is common with the diagnosis confirmed on
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cultures from distant sites (bone marrow, blood culture) (340). Combination surgery and
antifungal treatment with a lipid amphotericin B formulation is recommended, followed
by itraconazole. In many cases, lifelong suppression with itraconazole or another triazole
is administered (340–342).

Sporothrix

Sporothrix spp. are not considered highly virulent in immunocompetent persons and
typically cause localized infection in cutaneous and subcutaneous tissues. Infection can
result in dissemination in immunocompromised persons, such as those with HIV infection
(343, 344) or chronic immunosuppressive therapy such as tumor necrosis factor alpha (TNF-a)
antagonists (345). There has been only a single case to date reported in a patient with HIV
and disseminated sporotrichosis. Valve replacement in conjunction with amphotericin B and
itraconazole for 12 months was successful (346).

FUTURE DIRECTIONS AND CONCLUSION

While fungal pathogens remain a relatively rare cause of endocarditis, fungal endo-
carditis remains a major challenge for microbiologists and clinicians alike. In light of mortality
rates of over 70%, early diagnosis and appropriate treatment initiation remain essential to
reduce embolism and other life-threatening complications. Microbiological diagnosis often
relies on blood culture results, which are particularly insensitive for Aspergillus, other molds,
and endemic fungi but also show imperfect sensitivities for Candida and rare yeasts.
Molecular testing including next-generation sequencing presents a hypothesis-free
unbiased approach that may detect a broad range of pathogens, including novel and rare
pathogens, and may overcome some of those limitations in the future. Echocardiography in
conjunction with microbiological evidence remains the gold standard for clinical diagnosis
of fungal endocarditis, but given its frequent atypical presentation as a subacute disease
without classic endocarditis signs and symptoms, there is a need for further research on the
optimal pathways that trigger echocardiography. Future studies will need to identify risk fac-
tors that trigger echocardiography in patients with candidemia, as well as other fungal dis-
eases, for guidelines to find common ground in their recommendations. More data are also
needed on the performances of radionuclide imaging modalities such as immune PET-MR/
CT, which may be increasingly utilized in patients with fungal diseases and may improve di-
agnosis of fungal endocarditis (347). While surgery and valve replacement will remain a
mainstay of treatment, changes are on the horizon for systemic antifungal therapy, where,
after 2 decades of stagnation, new agents and antifungal classes are now in late-stage clini-
cal development. These new antifungal agents include broad-spectrum agents with biofilm
activity that can be given orally, such as ibrexafungerp, fosmanogepix or—for some molds
and endemic fungi—olorofim. In addition, rezafungin, an echinocandin with extended half-
life allowing for once-weekly administration (348), may present another promising option
facilitating the treatment of fungal endocarditis, including long-term/lifelong treatment in
patients where surgery is not an option.

ACKNOWLEDGMENTS
Partial support to G.R.T. was provided by the Burden Family Gift fund for Coccidioidomycosis

Research at the University of California-DavisMedical Center, and byNIH 5U19AI166798.
G.R.T. has served as a consultant and received research support from Astellas,

Amplyx, Cidara, F2G, Mayne, Melinta, Mundipharma, Scynexis, and the DSMB for Pfizer.
J.D.J. has received research grants and funding fromAstellas Pharma, F2G, and Pfizer.
J.W.B. reports royalties from Up-to-Date and has served as a consultant (data adjudication

committee) for Pfizer.
J.S.L. has served as a consultant for F2G and Cidara.
M.E., I.S.S., and J.B. declare no conflicts of interest.
T.F.P. has served as a consultant and received research support from Basilea, Cidara,

F2G, Gilead, Pfizer, and Scynexis outside the submitted work and royalties from Wolters
Klower.

S.C.-A.C. reports untied educational grants from f2G Pty Ltd. and MSD Australia.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 22

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


P.G.P. reports research support from Cidara, Merck, Astellas, Scynexis, F2G, and Matinas
and has participated in the DSMB for Cidara, F2G, and Matinas.

M.H. reports grants and research funding from Astellas Pharma, Gilead Sciences,
MSD, Pfizer, Euroimmun, F2G, Pulmocide, IMMY, Scynexis, and Mundipharma outside of
the submitted work.

REFERENCES
1. Hoenigl M, Seidel D, Sprute R, Cunha C, Oliverio M, Goldman GH, Ibrahim

AS, Carvalho A. 2022. COVID-19-associated fungal infections. Nat Microbiol 7:
1127–1140. https://doi.org/10.1038/s41564-022-01172-2.

2. Bongomin F, Gago S, Oladele RO, Denning DW. 2017. Global and multi-
national prevalence of fungal diseases-estimate precision. J Fungi (Basel)
3:57. https://doi.org/10.3390/jof3040057.

3. Ellis ME, Al-Abdely H, Sandridge A, Greer W, Ventura W. 2001. Fungal en-
docarditis: evidence in the world literature, 1965–1995. Clin Infect Dis 32:
50–62. https://doi.org/10.1086/317550.

4. Hoenigl M, Salmanton-García J, Walsh TJ, Nucci M, Neoh CF, Jenks JD,
Lackner M, Sprute R, Al-Hatmi AMS, Bassetti M, Carlesse F, Freiberger T,
Koehler P, Lehrnbecher T, Kumar A, Prattes J, Richardson M, Revankar S,
Slavin MA, Stemler J, Spiess B, Taj-Aldeen SJ, Warris A, Woo PCY, Young JH,
Albus K, Arenz D, Arsic-Arsenijevic V, Bouchara JP, Chinniah TR, Chowdhary A,
de Hoog GS, Dimopoulos G, Duarte RF, Hamal P, Meis JF, Mfinanga S,
Queiroz-Telles F, Patterson TF, Rahav G, Rogers TR, Rotstein C, Wahyuningsih
R, Seidel D, Cornely OA. 2021. Global guideline for the diagnosis andmanage-
ment of rare mould infections: an initiative of the European Confederation of
Medical Mycology in cooperation with the International Society for Human
and Animal Mycology and the American Society for Microbiology. Lancet
Infect Dis 21:e246–e257. https://doi.org/10.1016/S1473-3099(20)30784-2.

5. Chen SC, Perfect J, Colombo AL, Cornely OA, Groll AH, Seidel D, Albus K,
de Almedia JN Jr., Garcia-Effron G, Gilroy N, Lass-Flörl C, Ostrosky-Zeichner
L, Pagano L, Papp T, Rautemaa-Richardson R, Salmanton-García J, Spec A,
Steinmann J, Arikan-Akdagli S, Arenz DE, Sprute R, Duran-Graeff L, Freiberger T,
Girmenia C, Harris M, Kanj SS, Roudbary M, Lortholary O, Meletiadis J, Segal E,
Tuon FF, Wiederhold N, Bicanic T, Chander J, Chen YC, Hsueh PR, Ip M, Munoz
P, Spriet I, Temfack E, Thompson L, Tortorano AM, Velegraki A, Govender NP.
2021. Global guideline for the diagnosis and management of rare yeast infec-
tions: an initiative of the ECMM in cooperation with ISHAM and ASM. Lancet
Infect Dis 21:e375–e386. https://doi.org/10.1016/S1473-3099(21)00203-6.

6. Thompson GR, III, Le T, Chindamporn A, Kauffman CA, Alastruey-Izquierdo A,
Ampel NM, Andes DR, Armstrong-James D, Ayanlowo O, Baddley JW, Barker
BM, Lopes Bezerra L, Buitrago MJ, Chamani-Tabriz L, Chan JFW, Chayakulkeeree
M, Cornely OA, Cunwei C, Gangneux J-P, Govender NP, Hagen F, Hedayati MT,
Hohl TM, Jouvion G, Kenyon C, Kibbler CC, Klimko N, Kong DCM, Krause R, Lee
Lee L, Meintjes G, Miceli MH, Rath P-M, Spec A, Queiroz-Telles F, Variava E,
Verweij PE, Schwartz IS, Pasqualotto AC. 2021. Global guideline for the diagnosis
and management of the endemic mycoses: an initiative of the European Con-
federation of Medical Mycology in cooperation with the International Society
for Human and Animal Mycology. Lancet Infectious Diseases 21:e364–e374.
https://doi.org/10.1016/S1473-3099(21)00191-2.

7. Antinori S, Ferraris L, Orlando G, Tocalli L, Ricaboni D, Corbellino M,
Sollima S, Galli M, Milazzo L. 2014. Fungal Endocarditis observed over an
8-year period and a review of the literature. Mycopathologia 178:37–51.
https://doi.org/10.1007/s11046-014-9754-4.

8. Holland TL, Baddour LM, Bayer AS, Hoen B, Miro JM, Fowler VG Jr. 2016.
Infective endocarditis. Nat Rev Dis Primers 2:16059. https://doi.org/10.1038/
nrdp.2016.59.

9. Muehrcke DD, Lytle BW, Cosgrove DM, 3rd. 1995. Surgical and long-term
antifungal therapy for fungal prosthetic valve endocarditis. Ann Thorac
Surg 60:538–543. https://doi.org/10.1016/0003-4975(95)00469-2.

10. Giuliano S, GuastalegnameM, Russo A, Falcone M, Ravasio V, Rizzi M, Bassetti
M, Viale P, Pasticci MB, Durante-Mangoni E, Venditti M. 2017. Candida endo-
carditis: systematic literature review from 1997 to 2014 and analysis of 29
cases from the Italian Study of Endocarditis. Expert Rev Anti Infect Ther 15:
807–818. https://doi.org/10.1080/14787210.2017.1372749.

11. Clancy CJ, Nguyen MH. 2013. Finding the “missing 50%” of invasive can-
didiasis: how nonculture diagnostics will improve understanding of dis-
ease spectrum and transform patient care. Clin Infect Dis 56:1284–1292.
https://doi.org/10.1093/cid/cit006.

12. Salmanton-García J, Hoenigl M, Gangneux J-P, Segal E, Alastruey-Izquierdo A,
Arikan Akdagli S, Lagrou K, Özenci V, Vena A, Cornely OA. 2023. The current
state of laboratory mycology and access to antifungal treatment in Europe: a

European Confederation of Medical Mycology survey. Lancet Microbe 4:
e47–e56. https://doi.org/10.1016/S2666-5247(22)00261-0.

13. Lefort A, Chartier L, Sendid B, Wolff M, Mainardi JL, Podglajen I, Desnos-Ollivier
M, Fontanet A, Bretagne S, Lortholary O, FrenchMycosis Study Group. 2012. Di-
agnosis, management and outcome of Candida endocarditis. Clin Microbiol
Infect 18:E99–E109. https://doi.org/10.1111/j.1469-0691.2012.03764.x.

14. Ullmann AJ, Aguado JM, Arikan-Akdagli S, Denning DW, Groll AH, Lagrou
K, Lass-Florl C, Lewis RE, Munoz P, Verweij PE, Warris A, Ader F, Akova M,
Arendrup MC, Barnes RA, Beigelman-Aubry C, Blot S, Bouza E, Bruggemann
RJM, Buchheidt D, Cadranel J, Castagnola E, Chakrabarti A, Cuenca-Estrella M,
Dimopoulos G, Fortun J, Gangneux JP, Garbino J, Heinz WJ, Herbrecht R,
Heussel CP, Kibbler CC, Klimko N, Kullberg BJ, Lange C, Lehrnbecher T, Loffler
J, Lortholary O, Maertens J, Marchetti O, Meis JF, Pagano L, Ribaud P,
Richardson M, Roilides E, Ruhnke M, Sanguinetti M, Sheppard DC, Sinko J,
Skiada A, et al. 2018. Diagnosis and management of Aspergillus diseases: ex-
ecutive summary of the 2017 ESCMID-ECMM-ERS guideline. Clin Microbiol
Infect 24 Suppl 1:e1–e38. https://doi.org/10.1016/j.cmi.2018.01.002.

15. Mgbojikwe N, Jones SR, Leucker TM, Brotman DJ. 2019. Infective endo-
carditis: beyond the usual tests. Cleve Clin J Med 86:559–567. https://doi
.org/10.3949/ccjm.86a.18120.

16. Reischies F, Hoenigl M. 2014. The role of surgical debridement in different
clinical manifestations of invasive aspergillosis. Mycoses 57 Suppl 2:1–14.
https://doi.org/10.1111/myc.12224.

17. Mayer FL, Wilson D, Hube B. 2013. Candida albicans pathogenicity mech-
anisms. Virulence 4:119–128. https://doi.org/10.4161/viru.22913.

18. Fan D, Coughlin LA, Neubauer MM, Kim J, Kim MS, Zhan X, Simms-
Waldrip TR, Xie Y, Hooper LV, Koh AY. 2015. Activation of HIF-1a and LL-
37 by commensal bacteria inhibits Candida albicans colonization. Nat
Med 21:808–814. https://doi.org/10.1038/nm.3871.

19. Zaborin A, Smith D, Garfield K, Quensen J, Shakhsheer B, Kade M, Tirrell
M, Tiedje J, Gilbert JA, Zaborina O, Alverdy JC. 2014. Membership and behavior
of ultra-low-diversity pathogen communities present in the gut of humans
during prolonged critical illness. mBio 5:e01361-14. https://doi.org/10.1128/
mBio.01361-14.

20. Taur Y. 2016. Intestinal microbiome changes and stem cell transplantation:
lessons learned. Virulence 7:930–938. https://doi.org/10.1080/21505594.2016
.1250982.

21. Drummond RA, Desai JV, Ricotta EE, Swamydas M, Deming C, Conlan S,
Quinones M, Matei-Rascu V, Sherif L, Lecky D, Lee C-CR, Green NM, Collins N,
Zelazny AM, Prevots DR, Bending D, Withers D, Belkaid Y, Segre JA, Lionakis
MS. 2022. Long-term antibiotic exposure promotes mortality after systemic
fungal infection by driving lymphocyte dysfunction and systemic escape of
commensal bacteria. Cell Host Microbe 30:1020–1033.e6. https://doi.org/10
.1016/j.chom.2022.04.013.

22. Zhai B, Ola M, Rolling T, Tosini NL, Joshowitz S, Littmann ER, Amoretti LA,
Fontana E, Wright RJ, Miranda E, Veelken CA, Morjaria SM, Peled JU, van den
BrinkMRM, BabadyNE, Butler G, Taur Y, Hohl TM. 2020. High-resolutionmyco-
biota analysis reveals dynamic intestinal translocation preceding invasive can-
didiasis. Nat Med 26:59–64. https://doi.org/10.1038/s41591-019-0709-7.

23. Sudbery P, Gow N, Berman J. 2004. The distinct morphogenic states of
Candida albicans. Trends Microbiol 12:317–324. https://doi.org/10.1016/j
.tim.2004.05.008.

24. Lo HJ, Köhler JR, DiDomenico B, Loebenberg D, Cacciapuoti A, Fink GR.
1997. Nonfilamentous C. albicansmutants are avirulent. Cell 90:939–949.
https://doi.org/10.1016/s0092-8674(00)80358-x.

25. Saville SP, Lazzell AL, Chaturvedi AK, Monteagudo C, Lopez-Ribot JL. 2008. Use
of a genetically engineered strain to evaluate the pathogenic potential of yeast
cell and filamentous forms during Candida albicans systemic infection in
immunodeficient mice. Infect Immun 76:97–102. https://doi.org/10.1128/
IAI.00982-07.

26. Chen H, Zhou X, Ren B, Cheng L. 2020. The regulation of hyphae growth in
Candida albicans. Virulence 11:337–348. https://doi.org/10.1080/21505594
.2020.1748930.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 23

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1038/s41564-022-01172-2
https://doi.org/10.3390/jof3040057
https://doi.org/10.1086/317550
https://doi.org/10.1016/S1473-3099(20)30784-2
https://doi.org/10.1016/S1473-3099(21)00203-6
https://doi.org/10.1016/S1473-3099(21)00191-2
https://doi.org/10.1007/s11046-014-9754-4
https://doi.org/10.1038/nrdp.2016.59
https://doi.org/10.1038/nrdp.2016.59
https://doi.org/10.1016/0003-4975(95)00469-2
https://doi.org/10.1080/14787210.2017.1372749
https://doi.org/10.1093/cid/cit006
https://doi.org/10.1016/S2666-5247(22)00261-0
https://doi.org/10.1111/j.1469-0691.2012.03764.x
https://doi.org/10.1016/j.cmi.2018.01.002
https://doi.org/10.3949/ccjm.86a.18120
https://doi.org/10.3949/ccjm.86a.18120
https://doi.org/10.1111/myc.12224
https://doi.org/10.4161/viru.22913
https://doi.org/10.1038/nm.3871
https://doi.org/10.1128/mBio.01361-14
https://doi.org/10.1128/mBio.01361-14
https://doi.org/10.1080/21505594.2016.1250982
https://doi.org/10.1080/21505594.2016.1250982
https://doi.org/10.1016/j.chom.2022.04.013
https://doi.org/10.1016/j.chom.2022.04.013
https://doi.org/10.1038/s41591-019-0709-7
https://doi.org/10.1016/j.tim.2004.05.008
https://doi.org/10.1016/j.tim.2004.05.008
https://doi.org/10.1016/s0092-8674(00)80358-x
https://doi.org/10.1128/IAI.00982-07
https://doi.org/10.1128/IAI.00982-07
https://doi.org/10.1080/21505594.2020.1748930
https://doi.org/10.1080/21505594.2020.1748930
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


27. Phan QT, Myers CL, Fu Y, Sheppard DC, Yeaman MR, Welch WH, Ibrahim
AS, Edwards JE Jr., Filler SG. 2007. Als3 is a Candida albicans invasin that
binds to cadherins and induces endocytosis by host cells. PLoS Biol 5:e64.
https://doi.org/10.1371/journal.pbio.0050064.

28. Zhu W, Filler SG. 2010. Interactions of Candida albicans with epithelial cells.
Cell Microbiol 12:273–282. https://doi.org/10.1111/j.1462-5822.2009.01412.x.

29. Richardson JP, Brown R, Kichik N, Lee S, Priest E, Mogavero S, Maufrais C,
Wickramasinghe DN, Tsavou A, Kotowicz NK, Hepworth OW, Gallego-
Cortés A, Ponde NO, Ho J, Moyes DL, Wilson D, D’Enfert C, Hube B, Naglik JR,
Hogan DA. 2022. Candidalysins are a new family of cytolytic fungal peptide
toxins. mBio 13:e03510-21. https://doi.org/10.1128/mbio.03510-21.

30. Moyes DL, Wilson D, Richardson JP, Mogavero S, Tang SX, Wernecke J,
Höfs S, Gratacap RL, Robbins J, Runglall M, Murciano C, Blagojevic M, Thavaraj
S, Förster TM, Hebecker B, Kasper L, Vizcay G, Iancu SI, Kichik N, Häder A, Kurzai
O, Luo T, Krüger T, Kniemeyer O, Cota E, Bader O, Wheeler RT, Gutsmann T,
Hube B, Naglik JR. 2016. Candidalysin is a fungal peptide toxin critical formuco-
sal infection. Nature 532:64–68. https://doi.org/10.1038/nature17625.

31. Nett JE, Andes DR. 2020. Contributions of the biofilm matrix to Candida
pathogenesis. J Fungi (Basel) 6:21. https://doi.org/10.3390/jof6010021.

32. Nobile CJ, Fox EP, Nett JE, Sorrells TR, Mitrovich QM, Hernday AD, Tuch
BB, Andes DR, Johnson AD. 2012. A recently evolved transcriptional net-
work controls biofilm development in Candida albicans. Cell 148:126–138.
https://doi.org/10.1016/j.cell.2011.10.048.

33. Calderone RA, Rotondo MF, Sande MA. 1978. Candida albicans endocar-
ditis: ultrastructural studies of vegetation formation. Infect Immun 20:
279–289. https://doi.org/10.1128/iai.20.1.279-289.1978.

34. Freedman LR, Johnson ML. 1972. Experimental endocarditis. IV. Tricuspid
and aortic valve infection with Candida albicans in rabbits. Yale J Biol Med
45:163–175.

35. Sande MA, Bowman CR, Calderone RA. 1977. Experimental Candida albicans
endocarditis: characterization of the disease and response to therapy. Infect
Immun 17:140–147. https://doi.org/10.1128/iai.17.1.140-147.1977.

36. Freedman LR, Arnold S, Valone J. 1974. Experimental endocarditis. Ann N Y
Acad Sci 236:456–465. https://doi.org/10.1111/j.1749-6632.1974.tb41510.x.

37. Andriole VT, Kravetz HM, Roberts WC, Utz JP. 1962. Candida endocarditis.
Clinical and pathologic studies. Am J Med 32:251–285. https://doi.org/10
.1016/0002-9343(62)90294-2.

38. Calderone RA, Cihlar RL, Lee DD, Hoberg K, Scheld WM. 1985. Yeast adhe-
sion in the pathogenesis of endocarditis due to Candida albicans: studies
with adherence-negative mutants. J Infect Dis 152:710–715. https://doi.org/
10.1093/infdis/152.4.710.

39. Scheld WM, Calderone RA, Alliegro GM, Sande MA. 1981. Yeast adher-
ence in the pathogenesis of Candida endocarditis. Proc Soc Exp Biol Med
168:208–213. https://doi.org/10.3181/00379727-168-41261.

40. Murdoch DR, Corey RG, Hoen B, Miró M, Fowler VG, Bayer AS, Karchmer
AW, Olaison L, Pappas PA, Moreillon P, Chambers ST, Chu VH, Falcó V, Holland
DJ, Jones P, Klein JL, Raymond NJ, Read KM, Tripodi MF, Utili R, Wang A,
Woods CW, Cabell CH, International Collaboration on Endocarditis-Prospective
Cohort Study (ICE-PCS) Investigators. 2009. Clinical presentation, etiology, and
outcome of infective endocarditis in the 21st century: the International Collab-
oration on Endocarditis-Prospective Cohort Study. Arch Intern Med 169:
463–473. https://doi.org/10.1001/archinternmed.2008.603.

41. Arnold CJ, Johnson M, Bayer AS, Bradley S, Giannitsioti E, Miro JM, Tornos P,
Tattevin P, Strahilevitz J, Spelman D, Athan E, Nacinovich F, Fortes CQ, Lamas
C, Barsic B, Fernandez-Hidalgo N, Munoz P, Chu VH. 2015. Candida infective
endocarditis: an observational cohort study with a focus on therapy. Antimi-
crob Agents Chemother 59:2365–2373. https://doi.org/10.1128/AAC.04867-14.

42. Foong KS, Sung A, Burnham JP, Kronen R, Lian Q, Salazar Zetina A, Hsueh
K, Lin C, Powderly WG, Spec A. 2020. Risk factors predicting Candida infective
endocarditis in patients with candidemia. Med Mycol 58:593–599. https://doi
.org/10.1093/mmy/myz104.

43. Rivoisy C, Vena A, Schaeffer L, Charlier C, Fontanet A, Delahaye F, Bouza
E, Lortholary O, Munoz P, Lefort A, French Mycoses Study Group, Grupo de
Apoyo al Manejo de las Endocarditis en España. 2018. Prosthetic valve Can-
dida spp. endocarditis: new insights into long-term prognosis: the ESCAPE
study. Clin Infect Dis 66:825–832. https://doi.org/10.1093/cid/cix913.

44. Schwarzmuller T, Ma B, Hiller E, Istel F, Tscherner M, Brunke S, Ames L,
Firon A, Green B, Cabral V, Marcet-Houben M, Jacobsen ID, Quintin J,
Seider K, Frohner I, Glaser W, Jungwirth H, Bachellier-Bassi S, Chauvel M,
Zeidler U, Ferrandon D, Gabaldon T, Hube B, d’Enfert C, Rupp S, Cormack B,
Haynes K, Kuchler K. 2014. Systematic phenotyping of a large-scale Candida
glabrata deletion collection reveals novel antifungal tolerance genes. PLoS
Pathog 10:e1004211. https://doi.org/10.1371/journal.ppat.1004211.

45. Linde J, Duggan S, Weber M, Horn F, Sieber P, Hellwig D, Riege K, Marz
M, Martin R, Guthke R, Kurzai O. 2015. Defining the transcriptomic land-
scape of Candida glabrata by RNA-Seq. Nucleic Acids Res 43:1392–1406.
https://doi.org/10.1093/nar/gku1357.

46. Baddley JW, Benjamin DK Jr., Patel M, Miro J, Athan E, Barsic B, Bouza E,
Clara L, Elliott T, Kanafani Z, Klein J, Lerakis S, Levine D, Spelman D, Rubinstein
E, Tornos P, Morris AJ, Pappas P, Fowler VG, Jr., Chu VH, Cabell C, International
Collaboration on Endocarditis-Prospective Cohort Study Group. 2008. Candida
infective endocarditis. Eur J Clin Microbiol Infect Dis 27:519–529. https://doi
.org/10.1007/s10096-008-0466-x.

47. Nguyen MH, Nguyen ML, Yu VL, McMahon D, Keys TF, Amidi M. 1996.
Candida prosthetic valve endocarditis: prospective study of six cases and
review of the literature. Clin Infect Dis 22:262–267. https://doi.org/10.1093/
clinids/22.2.262.

48. Mateos Gaitan R, Boix-Palop L, Munoz Garcia P, Mestres CA, Marin Arriaza M,
Pedraz Prieto A, de Alarcon Gonzalez A, Gutierrez Carretero E, Hernandez
Meneses M, Goenaga Sanchez MA, Cobo Belaustegui M, Oteo Revuelta JA,
Gainzarain Arana JC, Garcia Vazquez E, Martinez-Selles M. 2020. Infective endo-
carditis in patients with cardiac implantable electronic devices: a nationwide
study. Europace 22:1062–1070. https://doi.org/10.1093/europace/euaa076.

49. Sandoe JA, Barlow G, Chambers JB, Gammage M, Guleri A, Howard P,
Olson E, Perry JD, Prendergast BD, Spry MJ, Steeds RP, Tayebjee MH, Watkin
R, British Society for Antimicrobial Chemotherapy, British Heart Rhythm Soci-
ety, British Cardiovascular Society, British Heart Valve Society, British Society
for Echocardiography. 2015. Guidelines for the diagnosis, prevention and
management of implantable cardiac electronic device infection. Report of a
joint Working Party project on behalf of the British Society for Antimicrobial
Chemotherapy (BSAC, host organization), British Heart Rhythm Society
(BHRS), British Cardiovascular Society (BCS), British Heart Valve Society (BHVS)
and British Society for Echocardiography (BSE). J Antimicrob Chemother 70:
325–359. https://doi.org/10.1093/jac/dku383.

50. Poowanawittayakom N, Dutta A, Stock S, Touray S, Ellison RT, 3rd, Levitz
SM. 2018. Reemergence of intravenous drug use as risk factor for candi-
demia, Massachusetts, USA. Emerg Infect Dis 24:631–637. https://doi.org/10
.3201/eid2404.171807.

51. Miro JM, Puig de la Bellacasa J, Odds FC, Gill BK, Bisbe J, Gatell JM, Gonzalez J,
Latorre X, Jimenez de Anta MT, Soriano E. 1987. Systemic candidiasis in Span-
ish heroin addicts: a possible source of infection. J Infect Dis 156:857–858.
https://doi.org/10.1093/infdis/156.5.857.

52. Bisbe J, Miro JM, Latorre X, Moreno A, Mallolas J, Gatell JM, de la Bellacasa JP,
Soriano E. 1992. Disseminated candidiasis in addicts who use brown heroin:
report of 83 cases and review. Clin Infect Dis 15:910–923. https://doi.org/10
.1093/clind/15.6.910.

53. Morelli MK, Veve MP, Lorson W, Shorman MA. 2021. Candida spp. infec-
tive endocarditis: characteristics and outcomes of twenty patients with a
focus on injection drug use as a predisposing risk factor. Mycoses 64:
181–186. https://doi.org/10.1111/myc.13200.

54. Sankar NP, Thakarar K, Rokas KE. 2020. Candida infective endocarditis
during the infectious diseases and substance use disorder syndemic: a
six-year case series. Open Forum Infect Dis 7:ofaa142. https://doi.org/10
.1093/ofid/ofaa142.

55. Martino P, Micozzi A, Venditti M, Gentile G, Girmenia C, Raccah R, Santilli
S, Alessandri N, Mandelli F. 1990. Catheter-related right-sided endocarditis in
bonemarrow transplant recipients. Rev Infect Dis 12:250–257. https://doi.org/
10.1093/clinids/12.2.250.

56. Dato VM, Dajani AS. 1990. Candidemia in children with central venous cathe-
ters: role of catheter removal and amphotericin B therapy. Pediatr Infect Dis J
9:309–314. https://doi.org/10.1097/00006454-199005000-00002.

57. Rose HD. 1978. Venous catheter-associated candidemia. Am J Med Sci
275:265–269. https://doi.org/10.1097/00000441-197805000-00004.

58. Kuhn DM, Chandra J, Mukherjee PK, Ghannoum MA. 2002. Comparison
of biofilms formed by Candida albicans and Candida parapsilosis on bio-
prosthetic surfaces. Infect Immun 70:878–888. https://doi.org/10.1128/
IAI.70.2.878-888.2002.

59. Zupanic-Krmek D, Nemet D, Mrsic M, Bogdanic V, Labar B, Jandrlic M,
Kalenic S. 2004. Risk factors for invasive fungal infections during inten-
sive chemotherapy of acute leukemia–retrospective study. [In Croatian.]
Acta Med Croatica 58:275–284.

60. Patel R, Portela D, Badley AD, Harmsen WS, Larson-Keller JJ, Ilstrup DM,
Keating MR, Wiesner RH, Krom RA, Paya CV. 1996. Risk factors of invasive
Candida and non-Candida fungal infections after liver transplantation. Trans-
plantation 62:926–934. https://doi.org/10.1097/00007890-199610150-00010.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 24

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1371/journal.pbio.0050064
https://doi.org/10.1111/j.1462-5822.2009.01412.x
https://doi.org/10.1128/mbio.03510-21
https://doi.org/10.1038/nature17625
https://doi.org/10.3390/jof6010021
https://doi.org/10.1016/j.cell.2011.10.048
https://doi.org/10.1128/iai.20.1.279-289.1978
https://doi.org/10.1128/iai.17.1.140-147.1977
https://doi.org/10.1111/j.1749-6632.1974.tb41510.x
https://doi.org/10.1016/0002-9343(62)90294-2
https://doi.org/10.1016/0002-9343(62)90294-2
https://doi.org/10.1093/infdis/152.4.710
https://doi.org/10.1093/infdis/152.4.710
https://doi.org/10.3181/00379727-168-41261
https://doi.org/10.1001/archinternmed.2008.603
https://doi.org/10.1128/AAC.04867-14
https://doi.org/10.1093/mmy/myz104
https://doi.org/10.1093/mmy/myz104
https://doi.org/10.1093/cid/cix913
https://doi.org/10.1371/journal.ppat.1004211
https://doi.org/10.1093/nar/gku1357
https://doi.org/10.1007/s10096-008-0466-x
https://doi.org/10.1007/s10096-008-0466-x
https://doi.org/10.1093/clinids/22.2.262
https://doi.org/10.1093/clinids/22.2.262
https://doi.org/10.1093/europace/euaa076
https://doi.org/10.1093/jac/dku383
https://doi.org/10.3201/eid2404.171807
https://doi.org/10.3201/eid2404.171807
https://doi.org/10.1093/infdis/156.5.857
https://doi.org/10.1093/clind/15.6.910
https://doi.org/10.1093/clind/15.6.910
https://doi.org/10.1111/myc.13200
https://doi.org/10.1093/ofid/ofaa142
https://doi.org/10.1093/ofid/ofaa142
https://doi.org/10.1093/clinids/12.2.250
https://doi.org/10.1093/clinids/12.2.250
https://doi.org/10.1097/00006454-199005000-00002
https://doi.org/10.1097/00000441-197805000-00004
https://doi.org/10.1128/IAI.70.2.878-888.2002
https://doi.org/10.1128/IAI.70.2.878-888.2002
https://doi.org/10.1097/00007890-199610150-00010
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


61. Mayayo E, Moralejo J, Camps J, Guarro J. 1996. Fungal endocarditis in
premature infants: case report and review. Clin Infect Dis 22:366–368.
https://doi.org/10.1093/clinids/22.2.366.

62. Noyola DE, Fernandez M, Moylett EH, Baker CJ. 2001. Ophthalmologic,
visceral, and cardiac involvement in neonates with candidemia. Clin
Infect Dis 32:1018–1023. https://doi.org/10.1086/319601.

63. Egger M, Hoenigl M, Thompson GR, 3rd, Carvalho A, Jenks JD. 2022. Let’s
talk about sex characteristics—as a risk factor for invasive fungal dis-
eases. Mycoses 65:599–612. https://doi.org/10.1111/myc.13449.

64. Gay L, Melenotte C, Lakbar I, Mezouar S, Devaux C, Raoult D, Bendiane MK,
LeoneM, Mege JL. 2021. Sexual dimorphism and gender in infectious diseases.
Front Immunol 12:698121. https://doi.org/10.3389/fimmu.2021.698121.

65. Jenks JD, Aneke CI, Al-Obaidi MM, Egger M, Garcia L, Gaines T, Hoenigl
M, Thompson GR. III, 2023. Race and ethnicity: risk factors for fungal infections?
PLoS Pathog 19:e1011025. https://doi.org/10.1371/journal.ppat.1011025.

66. Venditti M. 2009. Clinical aspects of invasive candidiasis: endocarditis
and other localized infections. Drugs 69:39–43. https://doi.org/10.2165/
11315610-000000000-00000.

67. Ammannaya GKK, Sripad N. 2019. Fungal endocarditis: what do we know in
2019? Kardiol Pol 77:670–673. https://doi.org/10.33963/KP.14869.

68. Habib G, Lancellotti P, Antunes MJ, Bongiorni MG, Casalta JP, Del Zotti F,
Dulgheru R, El Khoury G, Erba PA, Iung B, Mirob JM, Mulder BJ, Plonska-
Gosciniak E, Price S, Roos-Hesselink J, Snygg-Martin U, Thuny F, Mas PT,
Vilacosta I, Zamorano JL, Erol C, Nihoyannopoulos P, Aboyans V, Agewall
S, Athanassopoulos G, Aytekin S, Benzer W, Bueno H, Broekhuizen L,
Carerj S, Cosyns B, De Backer J, De Bonis M, Dimopoulos K, Donal E,
Drexel H, Flachskampf FA, Hall R, Halvorsen S, Hoenb B, Kirchhof P,
Lainscak M, Leite-Moreira AF, Lip GYH, Mestresc CA, Piepoli MF, Punjabi
PP, Rapezzi C, Rosenhek R, Siebens K, et al. 2015. 2015 ESC Guidelines for
the management of infective endocarditis. Eur Heart J 36:3075–3128.
https://doi.org/10.1093/eurheartj/ehv319.

69. Meena DS, Kumar D, Agarwal M, Bohra GK, Choudhary R, Samantaray S,
Sharma S, Midha N, Garg MK. 2022. Clinical features, diagnosis and treat-
ment outcome of fungal endocarditis: a systematic review of reported
cases. Mycoses 65:294–302. https://doi.org/10.1111/myc.13398.

70. Wijesekera NT, Sheppard MN, Mullen MJ. 2004. Candida endocarditis
with mycotic pulmonary emboli following re-do Rastelli operation. Heart
90:e34–e34. https://doi.org/10.1136/hrt.2004.034736.

71. Mishra AK, Sahu KK, Lal A, Sujata M. 2020. Systemic embolization following
fungal infective endocarditis. QJM 113:233–235. https://doi.org/10.1093/qjmed/
hcz274.

72. Sgreccia A, Carità G, Coskun O, Maria FD, Benamer H, Tisserand M,
Scemama A, Rodesch G, Lapergue B, Consoli A. 2020. Acute ischemic
stroke treated with mechanical thrombectomy and fungal endocarditis:
a case report and systematic review of the literature. J Neuroradiol 47:
386–392. https://doi.org/10.1016/j.neurad.2019.03.003.

73. Fesharaki SH, Haghani I, Mousavi B, Kargar ML, Boroumand M, Anvari
MS, Abbasi K, Meis JF, Badali H. 2013. Endocarditis due to a co-infection
of Candida albicans and Candida tropicalis in a drug abuser. J Med Micro-
biol 62:1763–1767. https://doi.org/10.1099/jmm.0.060954-0.

74. Wilson HA, Downes TR, Julian JS, White WL, Haponik EF. 1993. Candida
endocarditis. A treatable form of pacemaker infection. Chest 103:283–284.
https://doi.org/10.1378/chest.103.1.283.

75. Kabach M, Zaiem F, Valluri K, Alrifai A. 2016. Lower limb ischemia, Candida
parapsilosis and prosthetic valve endocarditis. QJM 109:55–56. https://doi
.org/10.1093/qjmed/hcv105.

76. Sallam A, Lynn W, Mccluskey P, Lightman S. 2006. Endogenous Candida
endophthalmitis. Expert Rev Anti Infect Ther 4:675–685. https://doi.org/
10.1586/14787210.4.4.675.

77. Li JS, Sexton DJ, Mick N, Nettles R, Fowler VG Jr., Ryan T, Bashore T, Corey
GR. 2000. Proposed modifications to the Duke criteria for the diagnosis
of infective endocarditis. Clin Infect Dis 30:633–638. https://doi.org/10
.1086/313753.

78. Tacke D, Koehler P, Cornely OA. 2013. Fungal endocarditis. Curr Opin
Infect Dis 26:501–507. https://doi.org/10.1097/QCO.0000000000000009.

79. Raghavan R, Krishnaswami H, Date A. 1989. Experience with fungal infec-
tions affecting the heart in necropsies at an Indian hospital. Trans R Soc Trop
Med Hyg 83:563–564. https://doi.org/10.1016/0035-9203(89)90297-6.

80. Challa S, Prayaga AK, Vemu L, Sadasivan J, Krisha M, Jagarlapudi KM,
Digumarti R, Prabhala R. 2004. Fungal endocarditis: an autopsy study. Asian Car-
diovasc Thorac Ann 12:95–98. https://doi.org/10.1177/021849230401200202.

81. Vaideeswar P. 2015. Candidial endocarditis: a single-institute pathologi-
cal analysis. Mycopathologia 180:81–87. https://doi.org/10.1007/s11046
-015-9876-3.

82. Boland JM, Chung HH, Robberts FJL, Wilson WR, Steckelberg JM, Baddour
LM, Miller DV. 2011. Fungal prosthetic valve endocarditis: Mayo Clinic expe-
rience with a clinicopathological analysis. Mycoses 54:354–360. https://doi
.org/10.1111/j.1439-0507.2010.01884.x.

83. Tattevin P, Watt G, Revest M, Arvieux C, Fournier PE. 2015. Update on
blood culture-negative endocarditis. Med Mal Infect 45:1–8. https://doi
.org/10.1016/j.medmal.2014.11.003.

84. Pappas PG, Lionakis MS, Arendrup MC, Ostrosky-Zeichner L, Kullberg BJ.
2018. Invasive candidiasis. Nat Rev Dis Primers 4:18026. https://doi.org/
10.1038/nrdp.2018.26.

85. MacBrayne CE, Williams MC, Prinzi A, Pearce K, Lamb D, Parker SK. 2021.
Time to blood culture positivity by pathogen and primary service. Hosp
Pediatr 11:953–961. https://doi.org/10.1542/hpeds.2021-005873.

86. Fernández-Cruz A, Cruz Menárguez M, Muñoz P, Pedromingo M, Peláez
T, Solís J, Rodríguez-Créixems M, Bouza E, GAME Study Group (Grupo de
Apoyo al Manejo de la Endocarditis). 2015. The search for endocarditis in
patients with candidemia: a systematic recommendation for echocardi-
ography? A prospective cohort. Eur J Clin Microbiol Infect Dis 34:
1543–1549. https://doi.org/10.1007/s10096-015-2384-z.

87. Cornely OA, Bassetti M, Calandra T, Garbino J, Kullberg BJ, Lortholary O,
Meersseman W, Akova M, Arendrup MC, Arikan-Akdagli S, Bille J, Castagnola
E, Cuenca-Estrella M, Donnelly JP, Groll AH, Herbrecht R, Hope WW, Jensen
HE, Lass-Flörl C, Petrikkos G, Richardson MD, Roilides E, Verweij PE, Viscoli C,
Ullmann AJ, ESCMID Fungal Infection Study Group. 2012. ESCMID* guideline
for the diagnosis and management of Candida diseases 2012: non-neutro-
penic adult patients. Clin Microbiol Infect 18 Suppl 7:19–37. https://doi.org/
10.1111/1469-0691.12039.

88. Puig-Asensio M, Padilla B, Garnacho-Montero J, Zaragoza O, Aguado JM,
Zaragoza R, Montejo M, Muñoz P, Ruiz-Camps I, Cuenca-Estrella M, Almirante
B; CANDIPOP Project; GEIH-GEMICOMED (SEIMC); REIPI. 2014. Epidemiology
and predictive factors for early and late mortality in Candida bloodstream
infections: a population-based surveillance in Spain. Clin Microbiol Infect 20:
O245–54. https://doi.org/10.1111/1469-0691.12380.

89. Shin SU, Yu YH, Kim SS, Oh TH, Kim SE, Kim UJ, Kang SJ, Jang HC, Park
KH, Jung SI. 2020. Clinical characteristics and risk factors for complica-
tions of candidaemia in adults: focus on endophthalmitis, endocarditis,
and osteoarticular infections. Int J Infect Dis 93:126–132. https://doi.org/
10.1016/j.ijid.2020.01.049.

90. Hoenigl M, Salmanton-García J, Egger M, Gangneux J-P, Bicanic T, Arikan-
Akdagli S, Alastruey-Izquierdo A, Klimko N, Barac A, Özenci V, Meijer EFJ,
Khanna N, Bassetti M, Rautemaa-Richardson R, Lagrou K, Adam K-M, Akalin
EH, Akova M, Arsic Arsenijevic V, Aujayeb A, Blennow O, Bretagne S, Danion
F, Denis B, de Jonge NA, Desoubeaux G, Drgona L, Erben N, Gori A, García
Rodríguez J, Garcia-Vidal C, Giacobbe DR, Goodman AL, Hamal P,
Hammarström H, Toscano C, Lanternier F, Lass-Flörl C, Lockhart DEA,
Longval T, Loughlin L, Matos T, Mikulska M, Narayanan M, Martín-Pérez S,
Prattes J, Rogers B, Rahimli L, Ruiz M, Roilides E, et al. 2023. Guideline ad-
herence and survival of patients with candidaemia in Europe: results from
the ECMM Candida III multinational European observational cohort study.
Lancet Infectious Diseases 23:751–761. https://doi.org/10.1016/S1473
-3099(22)00872-6.

91. Gomes A, Glaudemans AWJM, Touw DJ, van Melle JP, Willems TP, Maass
AH, Natour E, Prakken NHJ, Borra RJH, van Geel PP, Slart RHJA, van Assen
S, Sinha B. 2017. Diagnostic value of imaging in infective endocarditis: a
systematic review. Lancet Infect Dis 17:e1–e14. https://doi.org/10.1016/
S1473-3099(16)30141-4.

92. Shmueli H, Thomas F, Flint N, Setia G, Janjic A, Siegel RJ. 2020. Right-
sided infective endocarditis 2020: challenges and updates in diagnosis
and treatment. J Am Heart Assoc 9:e017293. https://doi.org/10.1161/JAHA
.120.017293.

93. Falcone M, Barzaghi N, Carosi G, Grossi P, Minoli L, Ravasio V, Rizzi M,
Suter F, Utili R, Viscoli C, Venditti M, Italian Study on Endocarditis (SEI).
2009. Candida infective endocarditis: report of 15 cases from a prospec-
tive multicenter study. Medicine (Baltimore, MD) 88:160–168. https://doi
.org/10.1097/MD.0b013e3181a693f8.

94. Donal E, Abgueguen P, Coisne D, Gouello JP, McFadden EP, Allal J, Corbi
P. 2001. Echocardiographic features of Candida species endocarditis: 12
cases and a review of published reports. Heart 86:179–182. https://doi
.org/10.1136/heart.86.2.179.

95. Carneiro H, Rasalingam R. 2019. Fungal prosthetic aortic valve endocarditis
and endarteritis: an unusual cause of aortic root vegetations. Echocardiogra-
phy 36:401–405. https://doi.org/10.1111/echo.14233.

96. Rajani R, Klein JL. 2020. Infective endocarditis: a contemporary update.
Clin Med (Lond) 20:31–35. https://doi.org/10.7861/clinmed.cme.20.1.1.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 25

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1093/clinids/22.2.366
https://doi.org/10.1086/319601
https://doi.org/10.1111/myc.13449
https://doi.org/10.3389/fimmu.2021.698121
https://doi.org/10.1371/journal.ppat.1011025
https://doi.org/10.2165/11315610-000000000-00000
https://doi.org/10.2165/11315610-000000000-00000
https://doi.org/10.33963/KP.14869
https://doi.org/10.1093/eurheartj/ehv319
https://doi.org/10.1111/myc.13398
https://doi.org/10.1136/hrt.2004.034736
https://doi.org/10.1093/qjmed/hcz274
https://doi.org/10.1093/qjmed/hcz274
https://doi.org/10.1016/j.neurad.2019.03.003
https://doi.org/10.1099/jmm.0.060954-0
https://doi.org/10.1378/chest.103.1.283
https://doi.org/10.1093/qjmed/hcv105
https://doi.org/10.1093/qjmed/hcv105
https://doi.org/10.1586/14787210.4.4.675
https://doi.org/10.1586/14787210.4.4.675
https://doi.org/10.1086/313753
https://doi.org/10.1086/313753
https://doi.org/10.1097/QCO.0000000000000009
https://doi.org/10.1016/0035-9203(89)90297-6
https://doi.org/10.1177/021849230401200202
https://doi.org/10.1007/s11046-015-9876-3
https://doi.org/10.1007/s11046-015-9876-3
https://doi.org/10.1111/j.1439-0507.2010.01884.x
https://doi.org/10.1111/j.1439-0507.2010.01884.x
https://doi.org/10.1016/j.medmal.2014.11.003
https://doi.org/10.1016/j.medmal.2014.11.003
https://doi.org/10.1038/nrdp.2018.26
https://doi.org/10.1038/nrdp.2018.26
https://doi.org/10.1542/hpeds.2021-005873
https://doi.org/10.1007/s10096-015-2384-z
https://doi.org/10.1111/1469-0691.12039
https://doi.org/10.1111/1469-0691.12039
https://doi.org/10.1111/1469-0691.12380
https://doi.org/10.1016/j.ijid.2020.01.049
https://doi.org/10.1016/j.ijid.2020.01.049
https://doi.org/10.1016/S1473-3099(22)00872-6
https://doi.org/10.1016/S1473-3099(22)00872-6
https://doi.org/10.1016/S1473-3099(16)30141-4
https://doi.org/10.1016/S1473-3099(16)30141-4
https://doi.org/10.1161/JAHA.120.017293
https://doi.org/10.1161/JAHA.120.017293
https://doi.org/10.1097/MD.0b013e3181a693f8
https://doi.org/10.1097/MD.0b013e3181a693f8
https://doi.org/10.1136/heart.86.2.179
https://doi.org/10.1136/heart.86.2.179
https://doi.org/10.1111/echo.14233
https://doi.org/10.7861/clinmed.cme.20.1.1
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


97. Jain V, Wang TKM, Bansal A, Farwati M, Gad M, Montane B, Kaur S, Bolen
MA, Grimm R, Griffin B, Xu B. 2021. Diagnostic performance of cardiac
computed tomography versus transesophageal echocardiography in in-
fective endocarditis: a contemporary comparative meta-analysis: cardiac CT
and TEE for infective endocarditis: contemporary meta-analysis. J Cardiovasc
Comput Tomogr 15:313–321. https://doi.org/10.1016/j.jcct.2020.11.008.

98. Gilani AA, Barr CS. 2012. Recurrent Candida parapsilosis infective endo-
carditis aortic root replacement. Br J Hosp Med (Lond) 73:468–469. https://
doi.org/10.12968/hmed.2012.73.8.468.

99. Wang TKM, Sánchez-Nadales A, Igbinomwanhia E, Cremer P, Griffin B, Xu
B. 2020. Diagnosis of infective endocarditis by subtype using 18F-fluoro-
deoxyglucose positron emission tomography/computed tomography: a
contemporary meta-analysis. Circ Cardiovasc Imaging 13:e010600. https://
doi.org/10.1161/CIRCIMAGING.120.010600.

100. Albano D, Dondi F, Gazzilli M, Giubbini R, Bertagna F. 2021. Meta-analy-
sis of the diagnostic performance of 18F-FDG-PET/CT imaging in native
valve endocarditis. JACC Cardiovasc Imaging 14:1063–1065. https://doi
.org/10.1016/j.jcmg.2020.09.021.

101. Chen W, Sajadi MM, Dilsizian V. 2018. Merits of FDG PET/CT and functional
molecular imaging over anatomic imaging with echocardiography and CT
angiography for the diagnosis of cardiac device infections. JACC Cardiovasc
Imaging 11:1679–1691. https://doi.org/10.1016/j.jcmg.2018.08.026.

102. Wallner M, Steyer G, Krause R, Gstettner C, Von Lewinski D. 2013. Fungal
endocarditis of a bioprosthetic aortic valve: pharmacological treatment
of a Candida parapsilosis endocarditis. Herz 38:431–434. https://doi.org/
10.1007/s00059-012-3715-9.

103. Sharma P, Banerjee S. 2021. Integration of 18F-fluorodeoxyglucose positron
emission tomography-computed tomography in diagnostic algorithm of
prosthetic valve endocarditis: a case report and review of literature. Indian J
Nucl Med 36:173–178. https://doi.org/10.4103/ijnm.IJNM_184_20.

104. Thompson GR, 3rd, Boulware DR, Bahr NC, Clancy CJ, Harrison TS,
Kauffman CA, Le T, Miceli MH, Mylonakis E, Nguyen MH, Ostrosky-Zeichner L,
Patterson TF, Perfect JR, Spec A, Kontoyiannis DP, Pappas PG. 2022. Noninva-
sive testing and surrogate markers in invasive fungal diseases. Open Forum
Infect Dis 9:ofac112. https://doi.org/10.1093/ofid/ofac112.

105. Finkelman MA. 2020. Specificity influences in (1!3)-b-D-glucan-sup-
ported diagnosis of invasive fungal disease. J Fungi (Basel) 7:14. https://
doi.org/10.3390/jof7010014.

106. Hoenigl M, Lin J, Finkelman M, Zhang Y, Karris MY, Letendre SL, Ellis RJ,
Burke L, Richard B, Gaufin T, Isnard S, Routy JP, Gianella S. 2021. Glucan rich
nutrition does not increase gut translocation of beta-glucan. Mycoses 64:
24–29. https://doi.org/10.1111/myc.13161.

107. Hoenigl M, Moser CB, Funderburg N, Bosch R, Kantor A, Zhang Y, Eugen-
Olsen J, Finkelman M, Reiser J, Landay A, Moisi D, Lederman MM,
Gianella S, Adult Clinical Trials Group NCWS 411 study team. 2019. Solu-
ble urokinase plasminogen activator receptor is predictive of non-AIDS
events during antiretroviral therapy-mediated viral suppression. Clin
Infect Dis 69:676–686. https://doi.org/10.1093/cid/ciy966.

108. Szyszkowitz A, Zurl C, Herzeg A, Berger A, Gemes G, Mitteregger M, Pruller F,
Prattes J, Zollner-Schwetz I, Valentin T, Hoenigl M, Krause R. 2018. Serum 1,3-
beta-D-glucan values during and after laparoscopic and open intestinal sur-
gery. Open Forum Infect Dis 5:ofy296. https://doi.org/10.1093/ofid/ofy296.

109. Prattes J, Schneditz D, Pruller F, Jaindl E, Sauseng N, Hoenigl M, Schilcher G,
Krause R. 2017. 1,3-b-D-Glucan testing is highly specific in patients under-
going dialysis treatment. J Infect 74:72–80. https://doi.org/10.1016/j.jinf.2016
.09.005.

110. Daneshnia F, de Almeida Júnior JN, Ilkit M, Lombardi L, Perry AM, Gao M,
Nobile CJ, Egger M, Perlin DS, Zhai B, Hohl TM, Gabaldón T, Colombo AL,
Hoenigl M, Arastehfar A. 2023. Worldwide emergence of fluconazole-resistant
Candida parapsilosis: current framework and future research roadmap. Lancet
Microbe 4:e470–e480. https://doi.org/10.1016/S2666-5247(23)00067-8.

111. Lass-Flörl C, Samardzic E, Knoll M. 2021. Serology anno 2021—fungal
infections: from invasive to chronic. Clin Microbiol Infect 27:1230–1241.
https://doi.org/10.1016/j.cmi.2021.02.005.

112. Mikulska M, Calandra T, Sanguinetti M, Poulain D, Viscoli C, Third Euro-
pean Conference on Infections in Leukemia Group. 2010. The use of mannan
antigen and anti-mannan antibodies in the diagnosis of invasive candidiasis:
recommendations from the Third European Conference on Infections in Leuke-
mia. Critical Care (London, England) 14:R222. https://doi.org/10.1186/cc9365.

113. Jenks JD, Gangneux JP, Schwartz IS, Alastruey-Izquierdo A, Lagrou K,
Thompson GR, III, Lass-Florl C, Hoenigl M, European Confederation of Medi-
cal Mycology (ECMM) Council Investigators. 2020. Diagnosis of breakthrough
fungal infections in the clinical mycology laboratory: an ECMM consensus
statement. J Fungi (Basel) 6:216. https://doi.org/10.3390/jof6040216.

114. Clancy CJ, Pappas PG, Vazquez J, Judson MA, Kontoyiannis DP, Thompson
GR, 3rd, Garey KW, Reboli A, Greenberg RN, Apewokin S, Lyon GM, 3rd,
Ostrosky-Zeichner L, Wu AHB, Tobin E, Nguyen MH, Caliendo AM. 2018.
Detecting infections rapidly and easily for candidemia trial, part 2 (DIRECT2):
a prospective, multicenter study of the T2Candida panel. Clin Infect Dis 66:
1678–1686. https://doi.org/10.1093/cid/cix1095.

115. Mylonakis E, Clancy CJ, Ostrosky-Zeichner L, Garey KW, Alangaden GJ,
Vazquez JA, Groeger JS, Judson MA, Vinagre YM, Heard SO, Zervou FN,
Zacharioudakis IM, Kontoyiannis DP, Pappas PG. 2015. T2 magnetic reso-
nance assay for the rapid diagnosis of candidemia in whole blood: a clin-
ical trial. Clin Infect Dis 60:892–899. https://doi.org/10.1093/cid/ciu959.

116. Ahuja T, Fong K, Louie E. 2019. Combination antifungal therapy for treat-
ment of Candida parapsilosis prosthetic valve endocarditis and utility of
T2Candida panel: a case series. IDCases 15:e00525. https://doi.org/10
.1016/j.idcr.2019.e00525.

117. Bomkamp JP, Sulaiman R, Hartwell JL, Desai A, Winn VC, Wrin J, Kussin
ML, Hiles JJ. 2020. Evaluation of a rapid fungal detection panel for identi-
fication of candidemia at an academic medical center. J Clin Microbiol
58:e01408-19. https://doi.org/10.1128/JCM.01408-19.

118. Zurl C, Prattes J, Zollner-Schwetz I, Valentin T, Rabensteiner J, Wunsch S,
Hoenigl M, Krause R. 2020. T2Candida magnetic resonance in patients
with invasive candidiasis: strengths and limitations. Med Mycol 58:
632–638. https://doi.org/10.1093/mmy/myz101.

119. Clancy CJ, Nguyen MH. 2018. Diagnosing invasive candidiasis. J Clin
Microbiol 56:e01909-17. https://doi.org/10.1128/JCM.01909-17.

120. Avni T, Leibovici L, Paul M. 2011. PCR diagnosis of invasive candidiasis:
systematic review and meta-analysis. J Clin Microbiol 49:665–670.
https://doi.org/10.1128/JCM.01602-10.

121. Steinbach WJ, Perfect JR, Cabell CH, Fowler VG, Corey GR, Li JS, Zaas AK,
Benjamin DK Jr. 2005. A meta-analysis of medical versus surgical therapy
for Candida endocarditis. J Infect 51:230–247. https://doi.org/10.1016/j
.jinf.2004.10.016.

122. Baddour LM, Wilson WR, Bayer AS, Fowler VG Jr., Bolger AF, Levison ME,
Ferrieri P, Gerber MA, Tani LY, Gewitz MH, Tong DC, Steckelberg JM,
Baltimore RS, Shulman ST, Burns JC, Falace DA, Newburger JW, Pallasch
TJ, Takahashi M, Taubert KA, Infectious Diseases Society of America.
2005. Infective endocarditis: diagnosis, antimicrobial therapy, and man-
agement 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 Coun-
cils on Clinical Cardiology, Stroke, and Cardiovascular Surgery and Anes-
thesia, American Heart Association: endorsed by the Infectious Diseases
Society of America. Circulation 111:e394–e434. https://doi.org/10.1161/
CIRCULATIONAHA.105.165564.

123. Kauffman CA. 2015. Complications of candidemia in ICU patients: endophthal-
mitis, osteomyelitis, endocarditis. Semin Respir Crit Care Med 36:641–649.
https://doi.org/10.1055/s-0035-1562891.

124. Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA, Ostrosky-
Zeichner L, Reboli AC, Schuster MG, Vazquez JA, Walsh TJ, Zaoutis TE,
Sobel JD. 2016. Clinical practice guideline for the management of candi-
diasis: 2016 update by the Infectious Diseases Society of America. Clin
Infect Dis 62:e1-50–50. https://doi.org/10.1093/cid/civ933.

125. Baddour LM, Wilson WR, Bayer AS, Fowler VG Jr., Tleyjeh IM, Rybak MJ,
Barsic B, Lockhart PB, Gewitz MH, Levison ME, Bolger AF, Steckelberg JM,
Baltimore RS, Fink AM, O’Gara P, Taubert KA, American Heart Association
Committee on Rheumatic Fever, Endocarditis, and Kawasaki Disease of the
Council on Cardiovascular Disease in the Young, Council in Clinical Cardiol-
ogy, Council on Cardiovascular Surgery and Anesthesia, and Stroke Council.
2015. Infective endocarditis in adults: diagnosis, antimicrobial therapy, and
management of complications: a scientific statement for healthcare profes-
sionals from the American Heart Association. Circulation 132:1435–1486.
https://doi.org/10.1161/CIR.0000000000000296.

126. Behrouz R. 2015. Preoperative cerebrovascular evaluation in patients
with infective endocarditis. Clin Cardiol 38:439–442. https://doi.org/10.1002/
clc.22400.

127. Bezerra LS, Silva JAD, Santos-Veloso MAO, Lima SG, Chaves-Markman
AV, Juca MB. 2020. Antifungal efficacy of amphotericin B in Candida albi-
cans endocarditis therapy: systematic review. Braz J Cardiovasc Surg 35:
789–796. https://doi.org/10.21470/1678-9741-2019-0159.

128. Pappas PG, Rotstein CM, Betts RF, Nucci M, Talwar D, De Waele JJ, Vazquez
JA, Dupont BF, Horn DL, Ostrosky-Zeichner L, Reboli AC, Suh B, Digumarti R,
Wu C, Kovanda LL, Arnold LJ, Buell DN. 2007. Micafungin versus caspofungin
for treatment of candidemia and other forms of invasive candidiasis. Clin
Infect Dis 45:883–893. https://doi.org/10.1086/520980.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 26

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1016/j.jcct.2020.11.008
https://doi.org/10.12968/hmed.2012.73.8.468
https://doi.org/10.12968/hmed.2012.73.8.468
https://doi.org/10.1161/CIRCIMAGING.120.010600
https://doi.org/10.1161/CIRCIMAGING.120.010600
https://doi.org/10.1016/j.jcmg.2020.09.021
https://doi.org/10.1016/j.jcmg.2020.09.021
https://doi.org/10.1016/j.jcmg.2018.08.026
https://doi.org/10.1007/s00059-012-3715-9
https://doi.org/10.1007/s00059-012-3715-9
https://doi.org/10.4103/ijnm.IJNM_184_20
https://doi.org/10.1093/ofid/ofac112
https://doi.org/10.3390/jof7010014
https://doi.org/10.3390/jof7010014
https://doi.org/10.1111/myc.13161
https://doi.org/10.1093/cid/ciy966
https://doi.org/10.1093/ofid/ofy296
https://doi.org/10.1016/j.jinf.2016.09.005
https://doi.org/10.1016/j.jinf.2016.09.005
https://doi.org/10.1016/S2666-5247(23)00067-8
https://doi.org/10.1016/j.cmi.2021.02.005
https://doi.org/10.1186/cc9365
https://doi.org/10.3390/jof6040216
https://doi.org/10.1093/cid/cix1095
https://doi.org/10.1093/cid/ciu959
https://doi.org/10.1016/j.idcr.2019.e00525
https://doi.org/10.1016/j.idcr.2019.e00525
https://doi.org/10.1128/JCM.01408-19
https://doi.org/10.1093/mmy/myz101
https://doi.org/10.1128/JCM.01909-17
https://doi.org/10.1128/JCM.01602-10
https://doi.org/10.1016/j.jinf.2004.10.016
https://doi.org/10.1016/j.jinf.2004.10.016
https://doi.org/10.1161/CIRCULATIONAHA.105.165564
https://doi.org/10.1161/CIRCULATIONAHA.105.165564
https://doi.org/10.1055/s-0035-1562891
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1161/CIR.0000000000000296
https://doi.org/10.1002/clc.22400
https://doi.org/10.1002/clc.22400
https://doi.org/10.21470/1678-9741-2019-0159
https://doi.org/10.1086/520980
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


129. Betts RF, Nucci M, Talwar D, Gareca M, Queiroz-Telles F, Bedimo RJ,
Herbrecht R, Ruiz-Palacios G, Young JA, Baddley JW, Strohmaier KM,
Tucker KA, Taylor AF, Kartsonis NA, Caspofungin High-Dose Study Group.
2009. A multicenter, double-blind trial of a high-dose caspofungin treatment
regimen versus a standard caspofungin treatment regimen for adult patients
with invasive candidiasis. Clin Infect Dis 48:1676–1684. https://doi.org/10
.1086/598933.

130. Mora-Duarte J, Betts R, Rotstein C, Colombo AL, Thompson-Moya L,
Smietana J, Lupinacci R, Sable C, Kartsonis N, Perfect J, Caspofungin Invasive
Candidiasis Study Group. 2002. Comparison of caspofungin and amphoteri-
cin B for invasive candidiasis. N Engl J Med 347:2020–2029. https://doi.org/10
.1056/NEJMoa021585.

131. Levy I, Shalit I, Birk E, Sirota L, Ashkenazi S, German B, Linder N. 2006. Candida
endocarditis in neonates: report of five cases and review of the literature.
Mycoses 49:43–48. https://doi.org/10.1111/j.1439-0507.2005.01183.x.

132. Smego RA Jr., Ahmad H. 2011. The role of fluconazole in the treatment
of Candida endocarditis: a meta-analysis. Medicine (Baltimore, MD) 90:
237–249. https://doi.org/10.1097/MD.0b013e3182259d38.

133. Kuhn DM, George T, Chandra J, Mukherjee PK, Ghannoum MA. 2002. Anti-
fungal susceptibility of Candida biofilms: unique efficacy of amphotericin B
lipid formulations and echinocandins. Antimicrob Agents Chemother 46:
1773–1780. https://doi.org/10.1128/AAC.46.6.1773-1780.2002.

134. Huggins JP, Hohmann S, David MZ. 2021. Candida infective endocarditis:
a retrospective study of patient characteristics and risk factors for death
in 703 United States cases, 2015–2019. Open Forum Infect Dis 8:
ofaa628. https://doi.org/10.1093/ofid/ofaa628.

135. Andes DR, Safdar N, Baddley JW, Playford G, Reboli AC, Rex JH, Sobel JD,
Pappas PG, Kullberg BJ, Mycoses Study Group. 2012. Impact of treatment
strategy on outcomes in patients with candidemia and other forms of inva-
sive candidiasis: a patient-level quantitative review of randomized trials. Clin
Infect Dis 54:1110–1122. https://doi.org/10.1093/cid/cis021.

136. Kuse ER, Chetchotisakd P, da Cunha CA, Ruhnke M, Barrios C, Raghunadharao
D, Sekhon JS, Freire A, Ramasubramanian V, Demeyer I, Nucci M,
Leelarasamee A, Jacobs F, Decruyenaere J, Pittet D, Ullmann AJ, Ostrosky-
Zeichner L, Lortholary O, Koblinger S, Diekmann-Berndt H, Cornely OA,
Micafungin Invasive Candidiasis Working Group. 2007. Micafungin versus
liposomal amphotericin B for candidaemia and invasive candidosis: a
phase III randomised double-blind trial. Lancet 369:1519–1527. https://doi
.org/10.1016/S0140-6736(07)60605-9.

137. Cornely OA, Lasso M, Betts R, Klimko N, Vazquez J, Dobb G, Velez J,
Williams-Diaz A, Lipka J, Taylor A, Sable C, Kartsonis N. 2007. Caspofungin for
the treatment of less common forms of invasive candidiasis. J Antimicrob
Chemother 60:363–369. https://doi.org/10.1093/jac/dkm169.

138. De Rosa FG, D’Avolio A, Corcione S, Baietto L, Raviolo S, Centofanti P,
Pasero D, Rinaldi M, Di Perri G. 2012. Anidulafungin for Candida glabrata
infective endocarditis. Antimicrob Agents Chemother 56:4552–4553.
https://doi.org/10.1128/AAC.00515-12.

139. Ramage G, VandeWalle K, Bachmann SP, Wickes BL, Lopez-Ribot JL. 2002. In
vitro pharmacodynamic properties of three antifungal agents against pre-
formed Candida albicans biofilms determined by time-kill studies. Antimi-
crob Agents Chemother 46:3634–3636. https://doi.org/10.1128/AAC.46.11
.3634-3636.2002.

140. Hitzenbichler F, Joha T, SimonM, Grosse J, Menhart K, Hellwig D, Camboni D,
Sag S, Sag CM, Hanses F, Salzberger B, Mohr A. 2020. Candida endocarditis in
patients with candidemia: a single-center experience of 14 cases. Mycopa-
thologia 185:1057–1067. https://doi.org/10.1007/s11046-020-00492-3.

141. Dhakal BP, Tribble CG, Bergin JD, Winfrey S, Carter WH. 2015. Recurrent
candida prosthetic endocarditis over fifteen years managed with medical
therapy and four valvular surgeries: a case report and review of literature. J
Cardiothorac Surg 10:105. https://doi.org/10.1186/s13019-015-0309-7.

142. Ioannou P, Volosyraki M, Mavrikaki V, Papakitsou I, Mathioudaki A, Samonis
G, Kofteridis DP. 2020. Candida parapsilosis endocarditis. Report of cases and
review of the literature. Germs 10:254–259. https://doi.org/10.18683/germs
.2020.1214.

143. Melgar GR, Nasser RM, Gordon SM, Lytle BW, Keys TF, Longworth DL.
1997. Fungal prosthetic valve endocarditis in 16 patients. An 11-year ex-
perience in a tertiary care hospital. Medicine (Baltimore, MD) 76:94–103.
https://doi.org/10.1097/00005792-199703000-00002.

144. Siciliano RF, Gualandro DM, Sejas ONE, Ignoto BG, Caramelli B, Mansur
AJ, Sampaio RO, Pierrotti LC, Barbosa G, Golebiovski W, Weksler C, Lamas C,
Fortes NRQ, Fortes CQ, Tarasoutchi F, Strabelli TMV. 2018. Outcomes in
patients with fungal endocarditis: a multicenter observational cohort study.
Int J Infect Dis 77:48–52. https://doi.org/10.1016/j.ijid.2018.09.016.

145. Baddour LM. 1995. Long-term suppressive therapy for Candida parapsi-
losis-induced prosthetic valve endocarditis. Mayo Clin Proc 70:773–775.
https://doi.org/10.4065/70.8.773.

146. López J, Sevilla T, Vilacosta I, García H, Sarriá C, Pozo E, Silva J, Revilla A,
Varvaro G, del Palacio M, Gómez I, San Román JA. 2013. Clinical signifi-
cance of congestive heart failure in prosthetic valve endocarditis. A mul-
ticenter study with 257 patients. Rev Esp Cardiol (Engl Ed) 66:384–390.
https://doi.org/10.1016/j.rec.2012.10.022.

147. Leite-Andrade MC, Inácio CP, Calixto F, Feitosa M, Sepulveda DPL, Santos
FAG, Buonafina MDS, Lima-Neto RG, Neves RP. 2019. Large aortic prosthesis
fungal vegetation due to Candida parapsilosis: an uncommon presentation.
Mycopathologia 184:795–796. https://doi.org/10.1007/s11046-019-00401-3.

148. Handa K, Suhara H, Ohata T, Sakamoto T, Ito Y, Yanagino Y, Masai T.
2022. Successful surgical treatment of delayed left ventricular pseudo-
aneurysm related to Candida albicans infection after repair of ventricular
septal rupture complicating acute myocardial infarction. J Cardiol Cases
25:87–90. https://doi.org/10.1016/j.jccase.2021.07.004.

149. Ghazzal A, Gill GS, Radwan S, Barnett C. 2020. Embolic ST-elevation myo-
cardial infarction from Candida endocarditis. Cureus 12:9–13. https://doi
.org/10.7759/cureus.7833.

150. Aron A, Manchanda-Aron U, Freire AX. 2017. Candida endocarditis pre-
senting as acute myocardial infarction. Am J Respir Crit Care Med 196:
e4–e6. https://doi.org/10.1164/rccm.201702-0414IM.

151. Madakshira MG, Bal A, Prakash S, Rathi M, Vijayvergiya R. 2018. Candida para-
psilosis endocarditis in an intravenous drug abuser: an autopsy report. Cardi-
ovasc Pathol 36:30–34. https://doi.org/10.1016/j.carpath.2018.05.005.

152. Teixeira da Silva F, Cardoso FS, Esteves A, Carvalho J, Maia R. 2021.
Relapsing Candida parapsilosis endocarditis with septic embolization: a
case report. Cureus 13:e13159. https://doi.org/10.7759/cureus.13159.

153. Tischler MD, Vaitkus PT. 1997. The ability of vegetation size on echocar-
diography to predict clinical complications: a meta-analysis. J Am Soc Echo-
cardiogr 10:562–568. https://doi.org/10.1016/s0894-7317(97)70011-7.

154. Bisdas T, Teebken OE. 2011. Mycotic or infected aneurysm? Time to
change the term. Eur J Vasc Endovasc Surg 41:570; author reply
570–571. https://doi.org/10.1016/j.ejvs.2010.11.036.

155. Sörelius K, Budtz-Lilly J, Mani K, Wanhainen A. 2019. Systematic review
of the management of mycotic aortic aneurysms. Eur J Vasc Endovasc
Surg 58:426–435. https://doi.org/10.1016/j.ejvs.2019.05.004.

156. Bayer AS, Bolger AF, Taubert KA, Wilson W, Steckelberg J, Karchmer AW,
Levison M, Chambers HF, Dajani AS, Gewitz MH, Newburger JW, Gerber
MA, Shulman ST, Pallasch TJ, Gage TW, Ferrieri P. 1998. Diagnosis and
management of infective endocarditis and its complications. Circulation
98:2936–2948. https://doi.org/10.1161/01.cir.98.25.2936.

157. Aslam S, Rotstein C, The AST Infectious Disease Community of Practice.
2019. Candida infections in solid organ transplantation: guidelines from
the American Society of Transplantation Infectious Diseases Community
of Practice. Clin Transplant 33:1–11. https://doi.org/10.1111/ctr.13623.

158. Oude Lashof AM, Rothova A, Sobel JD, Ruhnke M, Pappas PG, Viscoli C,
Schlamm HT, Oborska IT, Rex JH, Kullberg BJ. 2011. Ocular manifestations of
candidemia. Clin Infect Dis 53:262–268. https://doi.org/10.1093/cid/cir355.

159. Hoenigl M, Salmanton-Garcia J, Egger M, Gangneux J-P, Bicanic T, Arikan-
Akdagli S, Alastruey-Izquierdo A, Klimko N, Barac A, Özenci V, Meijer EFJ,
Khanna N, Bassetti M, Rautemaa-Richardson R, Lagrou K, Adam K-M,
Akalın EH, Akova M, Arsic-Arsenijevic V, Aujayeb A, Blennow O, Bretagne
S, Danion F, Denis B, de Jonge NA, Desoubeaux G, Drgona L, Erben N, Gori
A, Rodríguez JG, Garcia-Vidal C, Giacobbe DR, Goodman AL, Hamal P,
Hammarström H, Toscano C, Lanternier F, Lass-Flörl C, Lockhart DEA,
Longval T, Loughlin L, Matos T, Mikulska M, Narayanan M, Martín-Pérez S,
Prattes J, Rogers B, Rahimli L, Ruiz M, Roilides E, et al. 2022. Guideline ad-
herence predicts survival of candidemia in Europe: results from the ECMM
Candida III Multinational European Study. Lancet Infec Dis 23:751–761.
https://doi.org/10.1016/S1473-3099(22)00872-6.

160. Lombardo TA, Rabson AS, Dodge HT. 1957. Mycotic endocarditis: report
of a case due to Cryptococcus neoformans. Am J Med 22:664–670. https://doi
.org/10.1016/0002-9343(57)90117-1.

161. Roy M, Ahmad S, Roy AK. 2018. Cryptococcus neoformans infective endo-
carditis of native valves in an immunocompetent host. IDCases 12:66–70.
https://doi.org/10.1016/j.idcr.2018.03.002.

162. Fountain JH, Rajagopalan KN, Carroll M, Robbins H, Benvenuto LJ, Shimbo
D, Marboe CC, Arcasoy SM, Pereira MR. 2021. Cryptococcus neoformans infec-
tive endocarditis after lung transplantation: a case report and review of the
literature. Infect Dis Clin Pract (Baltim Md) 29:e457–e461. https://doi.org/10
.1097/ipc.0000000000001030.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 27

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1086/598933
https://doi.org/10.1086/598933
https://doi.org/10.1056/NEJMoa021585
https://doi.org/10.1056/NEJMoa021585
https://doi.org/10.1111/j.1439-0507.2005.01183.x
https://doi.org/10.1097/MD.0b013e3182259d38
https://doi.org/10.1128/AAC.46.6.1773-1780.2002
https://doi.org/10.1093/ofid/ofaa628
https://doi.org/10.1093/cid/cis021
https://doi.org/10.1016/S0140-6736(07)60605-9
https://doi.org/10.1016/S0140-6736(07)60605-9
https://doi.org/10.1093/jac/dkm169
https://doi.org/10.1128/AAC.00515-12
https://doi.org/10.1128/AAC.46.11.3634-3636.2002
https://doi.org/10.1128/AAC.46.11.3634-3636.2002
https://doi.org/10.1007/s11046-020-00492-3
https://doi.org/10.1186/s13019-015-0309-7
https://doi.org/10.18683/germs.2020.1214
https://doi.org/10.18683/germs.2020.1214
https://doi.org/10.1097/00005792-199703000-00002
https://doi.org/10.1016/j.ijid.2018.09.016
https://doi.org/10.4065/70.8.773
https://doi.org/10.1016/j.rec.2012.10.022
https://doi.org/10.1007/s11046-019-00401-3
https://doi.org/10.1016/j.jccase.2021.07.004
https://doi.org/10.7759/cureus.7833
https://doi.org/10.7759/cureus.7833
https://doi.org/10.1164/rccm.201702-0414IM
https://doi.org/10.1016/j.carpath.2018.05.005
https://doi.org/10.7759/cureus.13159
https://doi.org/10.1016/s0894-7317(97)70011-7
https://doi.org/10.1016/j.ejvs.2010.11.036
https://doi.org/10.1016/j.ejvs.2019.05.004
https://doi.org/10.1161/01.cir.98.25.2936
https://doi.org/10.1111/ctr.13623
https://doi.org/10.1093/cid/cir355
https://doi.org/10.1016/S1473-3099(22)00872-6
https://doi.org/10.1016/0002-9343(57)90117-1
https://doi.org/10.1016/0002-9343(57)90117-1
https://doi.org/10.1016/j.idcr.2018.03.002
https://doi.org/10.1097/ipc.0000000000001030
https://doi.org/10.1097/ipc.0000000000001030
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


163. Colmers RA, Irniger W, Steinberg DH. 1967. Cryptococcus neoformans en-
docarditis cured by amphotericin B. JAMA 199:762–764. https://doi.org/
10.1001/jama.1967.03120100124037.

164. Nakajima T, Oba Y, Takashima J, Ueno K, Kikuchi A, Yamada T, Fukunami M.
2019. Cryptococcus endocarditis: a case report and review of the literature. J
Infect Chemother 25:901–905. https://doi.org/10.1016/j.jiac.2019.05.003.

165. Blanc V, Lavarde V, Thanh NT, Tri HH, Guillemain R, Amrein C, Carpentier
A. 1996. Postoperative Cryptococcus neoformans endocarditis. Clin Microbiol
Infect 2:66–69. https://doi.org/10.1111/j.1469-0691.1996.tb00205.x.

166. Li Y, He S, Lu Z, Ding C, Wang Q, Li Q, Pan Y, Huang J. 2020. Cryptococcal
endocarditis of native valves without immunodeficiency or drug abuse:
a case report. J Int Med Res 48:300060520970763. https://doi.org/10
.1177/0300060520970763.

167. Xiao M, Chen SC, Kong F, Fan X, Cheng JW, Hou X, Zhou ML, Wang H, Xu
YC, China Hospital Invasive Fungal Surveillance Net Study Group. 2018.
Five-year China Hospital Invasive Fungal Surveillance Net (CHIF-NET) study of
invasive fungal infections caused by noncandidal yeasts: species distribution
and azole susceptibility. Infect Drug Resist 11:1659–1667. https://doi.org/10
.2147/IDR.S173805.

168. Pande A, Non LR, Romee R, Santos CA. 2017. Pseudozyma and other
non-Candida opportunistic yeast bloodstream infections in a large stem
cell transplant center. Transpl Infect Dis 19:e12664. https://doi.org/10
.1111/tid.12664.

169. Li H, GuoM,Wang C, Li Y, Fernandez AM, Ferraro TN, Yang R, Chen Y. 2020. Ep-
idemiological study of Trichosporon asahii infections over the past 23 years.
Epidemiol Infect 148:e169. https://doi.org/10.1017/S0950268820001624.

170. Telles JP, Ribeiro VST, Kraft L, Tuon FF. 2021. Pseudozyma spp. human
infections: a systematic review. Med Mycol 59:1–6. https://doi.org/10.1093/
mmy/myaa025.

171. Cho O, Matsukura M, Sugita T. 2015. Molecular evidence that the oppor-
tunistic fungal pathogen Trichosporon asahii is part of the normal fungal
microbiota of the human gut based on rRNA genotyping. Int J Infect Dis
39:87–88. https://doi.org/10.1016/j.ijid.2015.09.009.

172. Nunes JM, Bizerra FC, Ferreira RC, Colombo AL. 2013. Molecular identifi-
cation, antifungal susceptibility profile, and biofilm formation of clinical
and environmental Rhodotorula species isolates. Antimicrob Agents
Chemother 57:382–389. https://doi.org/10.1128/AAC.01647-12.

173. Duran Graeff L, Seidel D, Vehreschild MJ, Hamprecht A, Kindo A, Racil Z,
Demeter J, De Hoog S, Aurbach U, Ziegler M, Wisplinghoff H, Cornely OA,
FungiScope G, FungiScope Group. 2017. Invasive infections due to Sapro-
chaete andGeotrichum species: report of 23 cases from the FungiScope Regis-
try. Mycoses 60:273–279. https://doi.org/10.1111/myc.12595.

174. Potenza L, Chitasombat MN, Klimko N, Bettelli F, Dragonetti G, Del
Principe MI, Nucci M, Busca A, Fracchiolla N, Sciume M, Spolzino A, Delia
M, Mancini V, Nadali GP, Dargenio M, Shadrivova O, Bacchelli F, Aversa F,
Sanguinetti M, Luppi M, Kontoyiannis DP, Pagano L. 2019. Rhodotorula
infection in haematological patient: risk factors and outcome. Mycoses
62:223–229. https://doi.org/10.1111/myc.12875.

175. Marcellino N, Beuvier E, Grappin R, Gueguen M, Benson DR. 2001. Diver-
sity of Geotrichum candidum strains isolated from traditional cheese-
making fabrications in France. Appl Environ Microbiol 67:4752–4759.
https://doi.org/10.1128/AEM.67.10.4752-4759.2001.

176. Meena S, Singh G, Dabas Y, Rajshekhar P, Xess I. 2017. Geotrichum candi-
dum in infective endocarditis. J Glob Infect Dis 9:127–128. https://doi
.org/10.4103/jgid.jgid_112_16.

177. Joao I, Duarte J, Cotrim C, Rodrigues A, Martins C, Fazendas P, Oliveira LM,
Diogo J, Carrageta M. 2002. Native valve endocarditis due to Pichia ohmeri.
Heart Vessels 16:260–263. https://doi.org/10.1007/s003800200034.

178. Yanghua Q, Weiwei W, Yang L, Jian X, Qian S. 2010. Isolation, identifica-
tion, and antifungal susceptibility test for Kodamaea ohmeri: a case
report on endocarditis. J Med Coll PLA 25:252–256. https://doi.org/10
.1016/S1000-1948(10)60046-9.

179. Sundaram PS, Bijulal S, Tharakan JA, Antony M. 2011. Kodamaea ohmeri
tricuspid valve endocarditis with right ventricular inflow obstruction in a
neonate with structurally normal heart. Ann Pediatr Card 4:77–80. https://doi
.org/10.4103/0974-2069.79632.

180. Theelen B, Cafarchia C, Gaitanis G, Bassukas ID, Boekhout T, Dawson TL
Jr. 2018.Malassezia ecology, pathophysiology, and treatment. MedMycol 56:
S10–S25. https://doi.org/10.1093/mmy/myx134.

181. Gaitanis G, Magiatis P, Hantschke M, Bassukas ID, Velegraki A. 2012. The
Malassezia genus in skin and systemic diseases. Clin Microbiol Rev 25:
106–141. https://doi.org/10.1128/CMR.00021-11.

182. Granok AB. 2020. Successful treatment of Malassezia furfur endocarditis.
Open Forum Infect Dis 7:ofaa029. https://doi.org/10.1093/ofid/ofaa029.

183. Alpert G, Bell LM, Campos JM. 1987.Malassezia furfur fungemia in infancy. Clin
Pediatr (Phila) 26:528–531. https://doi.org/10.1177/000992288702601007.

184. Houhamdi Hammou L, Benito Y, Boibieux A, Dupont D, Delahaye F, Thivolet-
Bejui F, Wallon M, Vandenesch F, Bouchiat C. 2021. Malassezia restricta: an
underdiagnosed causative agent of blood culture-negative infective endo-
carditis. Clin Infect Dis 73:1223–1230. https://doi.org/10.1093/cid/ciab377.

185. Ruiz-Esquide E F, Díaz J MC, Wu H E, Silva VV. 2002. Endocarditis verrucosa
secundaria a Saccharomyces cerevisiae: caso clínico. [In Spanish.] Rev Méd
Chile 130:1165–1169. https://doi.org/10.4067/S0034-98872002001000012.

186. Hammond R, Aggarwal D, Hurt W, Ferran E, Satta G, Abbara A. 2020.
Brewer’s yeast as a cause of infective endocarditis. Access Microbiol 2:
po0037. https://doi.org/10.1099/acmi.fis2019.po0037.

187. Eubinste1n E, Nokiega ER, Simbeekoff MS, Holzman E, Rahal JJ Jr. 1975. Fun-
gal endocarditis: analysis of 24 cases and review of the literature. Medicine
(Baltimore) 54:271–299. https://doi.org/10.1097/00005792-197507000-00003.

188. Tozzi P, Kampouri EE, Tzimas G, Prior JO, Monney P, Kamani C, Lamoth F.
2020. COVID-19 pandemics: a surprising link to bread flour with collateral
damage to a prosthetic heart valve. Circ Cardiovasc Imaging 13:e011395.
https://doi.org/10.1161/CIRCIMAGING.120.011395.

189. Stein PD, Folkens AT, Hruska KA. 1970. Saccharomyces fungemia. Chest
58:173–175. https://doi.org/10.1378/chest.58.2.173.

190. Ubeda P, Viudes A, Pérez Bellés C, Marqués JL, Pemán J, Gobernado M.
2000. Endocarditis caused by Saccharomyces cerevisiae on the prosthetic
valve. [In Spanish.]. Enferm Infecc Microbiol Clin 18:142.

191. Rannikko J, Holmberg V, Karppelin M, Arvola P, Huttunen R, Mattila E,
Kerttula N, Puhto T, Tamm U, Koivula I, Vuento R, Syrjanen J, Hohenthal
U. 2021. Fungemia and other fungal infections associated with use of
Saccharomyces boulardii probiotic supplements. Emerg Infect Dis 27:
2090–2096. https://doi.org/10.3201/eid2708.210018.

192. Polacheck I, Salkin IF, Kitzes-Cohen R, Raz R. 1992. Endocarditis caused by
Blastoschizomyces capitatus and taxonomic review of the genus. J Clin Micro-
biol 30:2318–2322. https://doi.org/10.1128/jcm.30.9.2318-2322.1992.

193. Seitler S, Bruce C, Rosendahl U, Crucerescu E, Shore D, Rybicka J, Semple
T, Li W, Gatzoulis MA, Al-Sakini N. 2021. Don’t stop beleafing: a unique
case of fungal infective endocarditis. JACC Case Rep 3:672–677. https://
doi.org/10.1016/j.jaccas.2021.02.004.

194. Arvanitidou M, Kanellou K, Constantinides TC, Katsouyannopoulos V. 1999.
The occurrence of fungi in hospital and community potable waters. Lett
Appl Microbiol 29:81–84. https://doi.org/10.1046/j.1365-2672.1999.00583.x.

195. Tuon FF, Costa SF. 2008. Rhodotorula infection. A systematic review of
128 cases from literature. Rev Iberoam Micol 25:135–140. https://doi
.org/10.1016/s1130-1406(08)70032-9.

196. Tuon FF, de Almeida GM, Costa SF. 2007. Central venous catheter-associ-
ated fungemia due to Rhodotorula spp.: a systematic review. Med Mycol
45:441–447. https://doi.org/10.1080/13693780701381289.

197. Simon MS, Somersan S, Singh HK, Hartman B, Wickes BL, Jenkins SG,
Walsh TJ, Schuetz AN. 2014. Endocarditis caused by Rhodotorula infec-
tion. J Clin Microbiol 52:374–378. https://doi.org/10.1128/JCM.01950-13.

198. Louria DB, Greenberg SM, Molander DW. 1960. Fungemia caused by cer-
tain nonpathogenic strains of the family Cryptococcaceae. Report of
two cases due to Rhodotorula and Torulopsis glabrata. N Engl J Med 263:
1281–1284. https://doi.org/10.1056/NEJM196012222632504.

199. Naveh Y, Friedman A, Merzbach D, Hashman N. 1975. Endocarditis caused by
Rhodotorula successfully treated with 5-fluorocytosine. Br Heart J 37:101–104.
https://doi.org/10.1136/hrt.37.1.101.

200. Maeder M, Vogt PR, Schaer G, von Graevenitz A, Gunthard HF. 2003. Aor-
tic homograft endocarditis caused by Rhodotorula mucilaginosa. Infec-
tion 31:181–183. https://doi.org/10.1007/s15010-002-3155-1.

201. Leeber DA, Scher I. 1969. Rhodotorula fungemia presenting as “endotoxic”
shock. Arch Intern Med 123:78–81. https://doi.org/10.1001/archinte.1969
.00300110080016.

202. Shelburne PF, Carey RJ. 1962. Rhodotorula fungemia complicating staphy-
lococcal endocarditis. JAMA 180:38–42. https://doi.org/10.1001/jama.1962
.03050140040009.

203. Cabral AM, da Siveira Rioja S, Brito-Santos F, Peres da Silva JR, MacDowell ML,
Melhem MSC, Mattos-Guaraldi AL, Hirata Junior R, Damasco PV. 2017. Endo-
carditis due to Rhodotorula mucilaginosa in a kidney transplanted patient:
case report and review of medical literature. JMM Case Rep 4:e005119. https://
doi.org/10.1099/jmmcr.0.005119.

204. Liu XZ, Wang QM, Goker M, Groenewald M, Kachalkin AV, Lumbsch HT,
Millanes AM, Wedin M, Yurkov AM, Boekhout T, Bai FY. 2015. Towards an
integrated phylogenetic classification of the Tremellomycetes. Stud
Mycol 81:85–147. https://doi.org/10.1016/j.simyco.2015.12.001.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 28

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1001/jama.1967.03120100124037
https://doi.org/10.1001/jama.1967.03120100124037
https://doi.org/10.1016/j.jiac.2019.05.003
https://doi.org/10.1111/j.1469-0691.1996.tb00205.x
https://doi.org/10.1177/0300060520970763
https://doi.org/10.1177/0300060520970763
https://doi.org/10.2147/IDR.S173805
https://doi.org/10.2147/IDR.S173805
https://doi.org/10.1111/tid.12664
https://doi.org/10.1111/tid.12664
https://doi.org/10.1017/S0950268820001624
https://doi.org/10.1093/mmy/myaa025
https://doi.org/10.1093/mmy/myaa025
https://doi.org/10.1016/j.ijid.2015.09.009
https://doi.org/10.1128/AAC.01647-12
https://doi.org/10.1111/myc.12595
https://doi.org/10.1111/myc.12875
https://doi.org/10.1128/AEM.67.10.4752-4759.2001
https://doi.org/10.4103/jgid.jgid_112_16
https://doi.org/10.4103/jgid.jgid_112_16
https://doi.org/10.1007/s003800200034
https://doi.org/10.1016/S1000-1948(10)60046-9
https://doi.org/10.1016/S1000-1948(10)60046-9
https://doi.org/10.4103/0974-2069.79632
https://doi.org/10.4103/0974-2069.79632
https://doi.org/10.1093/mmy/myx134
https://doi.org/10.1128/CMR.00021-11
https://doi.org/10.1093/ofid/ofaa029
https://doi.org/10.1177/000992288702601007
https://doi.org/10.1093/cid/ciab377
https://doi.org/10.4067/S0034-98872002001000012
https://doi.org/10.1099/acmi.fis2019.po0037
https://doi.org/10.1097/00005792-197507000-00003
https://doi.org/10.1161/CIRCIMAGING.120.011395
https://doi.org/10.1378/chest.58.2.173
https://doi.org/10.3201/eid2708.210018
https://doi.org/10.1128/jcm.30.9.2318-2322.1992
https://doi.org/10.1016/j.jaccas.2021.02.004
https://doi.org/10.1016/j.jaccas.2021.02.004
https://doi.org/10.1046/j.1365-2672.1999.00583.x
https://doi.org/10.1016/s1130-1406(08)70032-9
https://doi.org/10.1016/s1130-1406(08)70032-9
https://doi.org/10.1080/13693780701381289
https://doi.org/10.1128/JCM.01950-13
https://doi.org/10.1056/NEJM196012222632504
https://doi.org/10.1136/hrt.37.1.101
https://doi.org/10.1007/s15010-002-3155-1
https://doi.org/10.1001/archinte.1969.00300110080016
https://doi.org/10.1001/archinte.1969.00300110080016
https://doi.org/10.1001/jama.1962.03050140040009
https://doi.org/10.1001/jama.1962.03050140040009
https://doi.org/10.1099/jmmcr.0.005119
https://doi.org/10.1099/jmmcr.0.005119
https://doi.org/10.1016/j.simyco.2015.12.001
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


205. Ruan SY, Chien JY, Hsueh PR. 2009. Invasive trichosporonosis caused by Tri-
chosporon asahii and other unusual Trichosporon species at a medical center
in Taiwan. Clin Infect Dis 49:e11–e17. https://doi.org/10.1086/599614.

206. Paniagua LM, Sudhakar D, Perez LE, Miranda D, Urena P, Gregoric I, Kar
B, Jneid H, Ramirez J, Paniagua D. 2020. Prosthetic valve endocarditis from Tri-
chosporon asahii in an immunocompetent patient. JACC Case Rep 2:693–696.
https://doi.org/10.1016/j.jaccas.2020.03.017.

207. Aypar E, Atalay S, Tutar E, Ciftci E, Uysalel A, Kendirli T, Teber S, Aysev
AD. 2010. PP-003 fatal fungal endocarditis due to Trichosporon asahii in
an adolescent boy. Int J Cardiology 140:S42–S43. https://doi.org/10.1016/
S0167-5273(10)70148-0.

208. Petracca Pistori R, Moreschi Neto V, Fagundes Grobe S, Lechinewski LD,
Maia da Silva F, Irmandade Santa Casa de Misericórdia de Curitiba, PR, Brasil.
2019. Endocardite fúngica por Trichosporon asahii: relato de um caso raro
em imunocompetentes. [In Portuguese.] Rev Soc Cardiol Estado de São
Paulo 29:100–103. https://doi.org/10.29381/0103-8559/20192901100-3.

209. Madhavan T, Eisses J, Quinn EL. 1976. Infections due to Trichosporon cutaneum,
an uncommon systemic pathogen. Henry Ford Hospital Medical J 24:27–30.

210. Couto R, Couto G, Abrahão I, Compagnoni I, Carnio T, Tolentino J. 2021. En-
docarditis due to Trichosporon beigelii 11 years after mitral valve replace-
ment. Rev Port Cardiol (Engl Ed) 40:305.e1–305.e3. https://doi.org/10.1016/j
.repc.2018.04.013.

211. Sidarous MG, O’Reilly MV, Cherubin CE. 1994. A case of Trichosporon bei-
gelii endocarditis 8 years after aortic valve replacement. Clin Cardiol 17:
215–219. https://doi.org/10.1002/clc.4960170413.

212. Brahn E, Leonard PA. 1982. Trichosporon cutaneum endocarditis: a se-
quela of intravenous drug abuse. Am J Clin Pathol 78:792–794. https://
doi.org/10.1093/ajcp/78.5.792.

213. Marier R, Zakhireh B, Downs J, Wynne B, Hammond GL, Andriole VT. 1978.
Trichosporon cutaneum endocarditis. Scand J Infect Dis 10:225–226.

214. Miralles A, Quiroga J, Farinola T, Obi C, Saura E, Fontanillas C, Granados
J, Benito M, Calbet J, Castells E. 1994. Recurrent Trichosporon beigelii en-
docarditis after aortic valve replacement. Cardiovasc Surg 2:119–123.

215. Keay S, Denning DW, Stevens DA. 1991. Endocarditis due to Tricho-
sporon beigelii: in vitro susceptibility of isolates and review. Rev Infect
Dis 13:383–386. https://doi.org/10.1093/clinids/13.3.383.

216. Reyes CV, Stanley MM, Rippon JW. 1985. Trichosporon beigelii endocardi-
tis as a complication of peritoneovenous shunt. Hum Pathol 16:857–859.
https://doi.org/10.1016/s0046-8177(85)80262-8.

217. Mooty MY, Kanj SS, Obeid MY, Hassan GY, Araj GF. 2001. A case of Tricho-
sporon beigelii endocarditis. Eur J Clin Microbiol Infect Dis 20:139–142.
https://doi.org/10.1007/pl00011245.

218. Martinez-Lacasa J, Maña J, Niubo R, Rufi G, Saez A, Fernández-Nogués F.
1991. Long-term survival of a patient with prosthetic valve endocarditis
due to Trichosporon beigelii. Eur J Clin Microbiol Infect Dis 10:756–758.
https://doi.org/10.1007/BF01972504.

219. Thomas D, Mogahed A, Leclerc JP, Grosgogeat Y. 1984. Prosthetic valve
endocarditis caused by Trichosporon cutaneum. Int J Cardiol 5:83–87.
https://doi.org/10.1016/0167-5273(84)90061-5.

220. Reinhart HH, Urbanski DM, Harrington SD, Sobel JD. 1988. Prosthetic
valve endocarditis caused by Trichosporon beigelii. Am J Med 84:355–358.
https://doi.org/10.1016/0002-9343(88)90440-8.

221. Nesher N, Erez A, Nezer D, Finkelstein R, Barel Y. 1997. Acute fungal endocardi-
tis due to Trichosporon beigelli. [In Hebrew.] Harefuah 132:396–398, 448, 447.

222. Murray-Leisure KA, Aber RC, Rowley LJ, Applebaum PC, Wisman CB, Pennock
JL, Pierce WS. 1986. Disseminated Trichosporon beigelii (cutaneum) infection
in an artificial heart recipient. JAMA 256:2995–2998. https://doi.org/10.1001/
jama.1986.03380210091032.

223. Chaumentin G, Boibieux A, Piens MA, Douchet C, Buttard P, Bertrand JL,
Peyramond D. 1996. Trichosporon inkin endocarditis: short-term evolu-
tion and clinical report. Clin Infect Dis 23:396–397. https://doi.org/10
.1093/clinids/23.2.396.

224. Ramos JM, Cuenca-Estrella M, Gutierrez F, Elia M, Rodriguez-Tudela JL.
2004. Clinical case of endocarditis due to Trichosporon inkin and antifun-
gal susceptibility profile of the organism. J Clin Microbiol 42:2341–2344.
https://doi.org/10.1128/JCM.42.5.2341-2344.2004.

225. Tse C, Boodman C, Wuerz T. 2022. Trichosporon mucoides prosthetic valve
endocarditis managed with antifungal suppression therapy. MedMycol Case
Rep 36:10–12. https://doi.org/10.1016/j.mmcr.2022.02.004.

226. Oh TH, Shin SU, Kim SS, Kim SE, Kim UJ, Kang SJ, Jang HC, Jung SI, Shin
JH, Park KH. 2020. Prosthetic valve endocarditis by Trichosporon mucoides: a
case report and review of literature. Medicine (Baltimore, MD) 99:e22584.
https://doi.org/10.1097/MD.0000000000022584.

227. Joshi M, Toland A, Jonas A. 2021. Acute aortic valve insufficiency due to
disseminated Trichosporon fungemia in a non-neutropenic patient. Am J
Resp Crit Care Med 203:A2953–A2953. https://doi.org/10.1164/ajrccm
-conference.2021.203.1_MeetingAbstracts.A2953.

228. Morley-Smith A, Quinn D, Mukadam M, Ranasinghe A, Bhabra M,
Mascaro J, Chue C, Lim S. 2021. Trichosporonosis causing mycotic aortic
root pseudoaneurysm after cardiac transplantation. J Heart Lung Trans-
plant 40:S480–S481. https://doi.org/10.1016/j.healun.2021.01.1982.

229. Lau A, Chen S, Sorrell T, Carter D, Malik R, Martin P, Halliday C. 2007. Develop-
ment and clinical application of a panfungal PCR assay to detect and identify
fungal DNA in tissue specimens. J Clin Microbiol 45:380–385. https://doi.org/
10.1128/JCM.01862-06.

230. Buitrago MJ, Bernal-Martinez L, Castelli MV, Rodriguez-Tudela JL, Cuenca-
EstrellaM. 2014. Performance of panfungal and specific PCR-based procedures
for etiological diagnosis of invasive fungal diseases on tissue biopsy specimens
with proven infection: a 7-year retrospective analysis from a reference labora-
tory. J ClinMicrobiol 52:1737–1740. https://doi.org/10.1128/JCM.00328-14.

231. Thompson GR, 3rd, Wiederhold NP, Sutton DA, Fothergill A, Patterson
TF. 2009. In vitro activity of isavuconazole against Trichosporon, Rhodotorula,
Geotrichum, Saccharomyces and Pichia species. J Antimicrob Chemother 64:
79–83. https://doi.org/10.1093/jac/dkp138.

232. Walsh TJ, Groll A, Hiemenz J, Fleming R, Roilides E, Anaissie E. 2004. Infec-
tions due to emerging and uncommon medically important fungal patho-
gens. Clin Microbiol Infect 10 Suppl 1:48–66. https://doi.org/10.1111/j.1470
-9465.2004.00839.x.

233. Valerio M, Camici M, Machado M, Galar A, Olmedo M, Sousa D, Antorrena-
Miranda I, Farinas MC, Hidalgo-Tenorio C, Montejo M, Vena A, Guinea J, Bouza
E, Munoz P, Group GS, GAMES Study Group. 2022. Aspergillus endocarditis in
the recent years, report of cases of amulticentric national cohort and literature
review. Mycoses 65:362–373. https://doi.org/10.1111/myc.13415.

234. Kalokhe AS, Rouphael N, El Chami MF, Workowski KA, Ganesh G, Jacob
JT. 2010. Aspergillus endocarditis: a review of the literature. Int J Infect
Dis 14:e1040-7–e1047. https://doi.org/10.1016/j.ijid.2010.08.005.

235. Leong R, Gannon BR, Childs TJ, Isotalo PA, Abdollah H. 2006. Aspergillus fumi-
gatus pacemaker lead endocarditis: a case report and review of the literature.
Can J Cardiol 22:337–340. https://doi.org/10.1016/s0828-282x(06)70919-9.

236. Pillai J, Mubeen M, Chaudhari A, Dalmia B. 2013. Aspergillus pacemaker
lead endocarditis. Asian Cardiovasc Thorac Ann 21:211–214. https://doi
.org/10.1177/0218492312450448.

237. El-Hamamsy I, Durrleman N, Stevens LM, Perrault LP, Carrier M. 2005. Aspergil-
lus endocarditis after cardiac surgery. Ann Thorac Surg 80:359–364. https://doi
.org/10.1016/j.athoracsur.2004.08.070.

238. Hussein N, Qamar S, Abid Q. 2015. Systemic aspergilloma post aortic root
surgery following coronary artery stenting: diagnostic and management
dilemma. BMJ Case Rep 2015:bcr2014207702. https://doi.org/10.1136/bcr
-2014-207702.

239. Pasqualotto AC, Denning DW. 2006. Post-operative aspergillosis. Clin Micro-
biol Infect 12:1060–1076. https://doi.org/10.1111/j.1469-0691.2006.01512.x.

240. McCormack J, Pollard J. 2011. Aspergillus endocarditis 2003-2009. Med Mycol
49 Suppl 1:S30–S34. https://doi.org/10.3109/13693786.2010.498449.

241. Barst RJ, Prince AS, Neu HC. 1981. Aspergillus endocarditis in children:
case report and review of the literature. Pediatrics 68:73–78. https://doi
.org/10.1542/peds.68.1.73.

242. Pierrotti LC, Baddour LM. 2002. Fungal endocarditis, 1995–2000. Chest
122:302–310. https://doi.org/10.1378/chest.122.1.302.

243. Carrizosa J, Levison ME, Lawrence T, Kaye D. 1974. Cure of Aspergillus
ustus endocarditis on a prosthetic valve. Arch Intern Med 133:486–490.
https://doi.org/10.1001/archinte.1974.00320150160023.

244. Meshaal MS, Labib D, Said K, Hosny M, Hassan M, Abd Al Aziz S, Elkholy
A, Anani M, Rizk H. 2018. Aspergillus endocarditis: diagnostic criteria and
predictors of outcome, a retrospective cohort study. PLoS One 13:e0201459.
https://doi.org/10.1371/journal.pone.0201459.

245. Thompson GR, 3rd, Young JH. 2021. Aspergillus infections. N Engl J Med
385:1496–1509. https://doi.org/10.1056/NEJMra2027424.

246. Riviere S, Lortholary O, Michon J, Bougnoux ME, Mainardi JL, Sendid B,
Bretagne S, Lefort A. 2013. Aspergillus endocarditis in the era of new
antifungals: major role for antigen detection. J Infect 67:85–88. https://
doi.org/10.1016/j.jinf.2013.01.003.

247. Hoenigl M, Prattes J, Spiess B, Wagner J, Prueller F, Raggam RB, Posch V,
Duettmann W, Hoenigl K, Wolfler A, Koidl C, Buzina W, Reinwald M, Thornton
CR, Krause R, Buchheidt D. 2014. Performance of galactomannan, beta-D-glu-
can, Aspergillus lateral-flow device, conventional culture, and PCR tests with
bronchoalveolar lavage fluid for diagnosis of invasive pulmonary aspergillosis.
J ClinMicrobiol 52:2039–2045. https://doi.org/10.1128/JCM.00467-14.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 29

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1086/599614
https://doi.org/10.1016/j.jaccas.2020.03.017
https://doi.org/10.1016/S0167-5273(10)70148-0
https://doi.org/10.1016/S0167-5273(10)70148-0
https://doi.org/10.29381/0103-8559/20192901100-3
https://doi.org/10.1016/j.repc.2018.04.013
https://doi.org/10.1016/j.repc.2018.04.013
https://doi.org/10.1002/clc.4960170413
https://doi.org/10.1093/ajcp/78.5.792
https://doi.org/10.1093/ajcp/78.5.792
https://doi.org/10.1093/clinids/13.3.383
https://doi.org/10.1016/s0046-8177(85)80262-8
https://doi.org/10.1007/pl00011245
https://doi.org/10.1007/BF01972504
https://doi.org/10.1016/0167-5273(84)90061-5
https://doi.org/10.1016/0002-9343(88)90440-8
https://doi.org/10.1001/jama.1986.03380210091032
https://doi.org/10.1001/jama.1986.03380210091032
https://doi.org/10.1093/clinids/23.2.396
https://doi.org/10.1093/clinids/23.2.396
https://doi.org/10.1128/JCM.42.5.2341-2344.2004
https://doi.org/10.1016/j.mmcr.2022.02.004
https://doi.org/10.1097/MD.0000000000022584
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A2953
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A2953
https://doi.org/10.1016/j.healun.2021.01.1982
https://doi.org/10.1128/JCM.01862-06
https://doi.org/10.1128/JCM.01862-06
https://doi.org/10.1128/JCM.00328-14
https://doi.org/10.1093/jac/dkp138
https://doi.org/10.1111/j.1470-9465.2004.00839.x
https://doi.org/10.1111/j.1470-9465.2004.00839.x
https://doi.org/10.1111/myc.13415
https://doi.org/10.1016/j.ijid.2010.08.005
https://doi.org/10.1016/s0828-282x(06)70919-9
https://doi.org/10.1177/0218492312450448
https://doi.org/10.1177/0218492312450448
https://doi.org/10.1016/j.athoracsur.2004.08.070
https://doi.org/10.1016/j.athoracsur.2004.08.070
https://doi.org/10.1136/bcr-2014-207702
https://doi.org/10.1136/bcr-2014-207702
https://doi.org/10.1111/j.1469-0691.2006.01512.x
https://doi.org/10.3109/13693786.2010.498449
https://doi.org/10.1542/peds.68.1.73
https://doi.org/10.1542/peds.68.1.73
https://doi.org/10.1378/chest.122.1.302
https://doi.org/10.1001/archinte.1974.00320150160023
https://doi.org/10.1371/journal.pone.0201459
https://doi.org/10.1056/NEJMra2027424
https://doi.org/10.1016/j.jinf.2013.01.003
https://doi.org/10.1016/j.jinf.2013.01.003
https://doi.org/10.1128/JCM.00467-14
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


248. Garcia-Rodriguez J, Garcia-Guereta L, De Pablos M, Burgueros M, Borches D.
2008. Galactomannan detection as a tool for the diagnosis andmanagement
of cardiac aspergillosis in 2 immunocompetent patients. Clin Infect Dis 47:
e90–e92. https://doi.org/10.1086/592977.

249. White PL, Wingard JR, Bretagne S, Loffler J, Patterson TF, Slavin MA, Barnes
RA, Pappas PG, Donnelly JP. 2015. Aspergillus polymerase chain reaction: sys-
tematic review of evidence for clinical use in comparison with antigen test-
ing. Clin Infect Dis 61:1293–1303. https://doi.org/10.1093/cid/civ507.

250. Salmanton-García J, Au WY, Hoenigl M, Chai LYA, Badali H, Basher A,
Brockhoff RA, Chen SC, Chindamporn A, Chowdhary A, Heath C, Jabeen
K, Lee J, Matar M, Taj-Aldeen SJ, Tan BH, Uno K, Wahyuningsih R, Zhu LP,
Chakrabarti A, Cornely OA. 2023. The current state of laboratory mycol-
ogy in Asia/Pacific: a survey from the European Confederation of Medi-
cal Mycology (ECMM) and International Society for Human and Animal
Mycology (ISHAM). Int J Antimicrob Agents 61:106718. https://doi.org/
10.1016/j.ijantimicag.2023.106718.

251. White PL, Bretagne S, Caliendo AM, Loeffler J, Patterson TF, Slavin M,
Wingard JR. 2021. Aspergillus polymerase chain reaction: an update on tech-
nical recommendations, clinical applications, and justification for inclusion in
the second revision of the EORTC/MSGERC definitions of invasive fungal dis-
ease. Clin Infect Dis 72:S95–S101. https://doi.org/10.1093/cid/ciaa1865.

252. Mortensen KL, Knudsen JB, Jensen-Fangel S, Stausbol-Gron B, Arendrup
MC, Petersen E. 2011. Successful management of invasive aspergillosis pre-
senting as pericarditis in an adult patient with chronic granulomatous disease.
Mycoses 54:e233–e236. https://doi.org/10.1111/j.1439-0507.2009.01835.x.

253. Miranda JO, de Sousa AR, Monterroso J. 2015. Aspergillus endocarditis in
a paediatric patient after a cardiac surgery, associated with septic pul-
monary embolism and pulmonary hypertension. Cardiol Young 25:
563–565. https://doi.org/10.1017/S1047951114000432.

254. Denning DW, Stevens DA. 1990. Antifungal and surgical treatment of
invasive aspergillosis: review of 2,121 published cases. Rev Infect Dis 12:
1147–1201. https://doi.org/10.1093/clinids/12.6.1147.

255. Gumbo T, Taege AJ, Mawhorter S, McHenry MC, Lytle BH, Cosgrove DM,
Gordon SM. 2000. Aspergillus valve endocarditis in patients without prior
cardiac surgery. Medicine (Baltimore, MD) 79:261–268. https://doi.org/
10.1097/00005792-200007000-00007.

256. Reis LJ, Barton TD, Pochettino A, Velazquez O, McGarvey M, Milas B,
Reboli A, Schuster MG. 2005. Successful treatment of Aspergillus prosthetic
valve endocarditis with oral voriconazole. Clin Infect Dis 41:752–753. https://
doi.org/10.1086/432580.

257. Patterson TF, Thompson GR, 3rd, Denning DW, Fishman JA, Hadley S,
Herbrecht R, Kontoyiannis DP, Marr KA, Morrison VA, Nguyen MH, Segal
BH, Steinbach WJ, Stevens DA, Walsh TJ, Wingard JR, Young JA, Bennett
JE. 2016. Practice guidelines for the diagnosis and management of
aspergillosis: 2016 update by the Infectious Diseases Society of America.
Clin Infect Dis 63:e1–e60. https://doi.org/10.1093/cid/ciw326.

258. Martin MV, Yates J, Hitchcock CA. 1997. Comparison of voriconazole
(UK-109,496) and itraconazole in prevention and treatment of Aspergil-
lus fumigatus endocarditis in guinea pigs. Antimicrob Agents Chemo-
ther 41:13–16. https://doi.org/10.1128/AAC.41.1.13.

259. Cadena J, Thompson GR, 3rd, Patterson TF. 2021. Aspergillosis: epidemi-
ology, diagnosis, and treatment. Infect Dis Clin North Am 35:415–434.
https://doi.org/10.1016/j.idc.2021.03.008.

260. Boyer J, Feys S, Zsifkovits I, Hoenigl M, Egger M. 2023. Treatment of inva-
sive aspergillosis: how it’s going, where it’s heading. Mycopathologia 26:
1–15. https://doi.org/10.1007/s11046-023-00727-z.

261. Angulo DA, Alexander B, Rautemaa-Richardson R, Alastruey-Izquierdo A,
Hoenigl M, Ibrahim AS, Ghannoum MA, King TR, Azie NE, Walsh TJ. 2022.
Ibrexafungerp, a novel triterpenoid antifungal in development for the
treatment of mold infections. J Fungi (Basel) 8:1121. https://doi.org/10
.3390/jof8111121.

262. Hoenigl M, Sprute R, Egger M, Arastehfar A, Cornely OA, Krause R, Lass-
Flörl C, Prattes J, Spec A, Thompson GR, 3rd, Wiederhold N, Jenks JD.
2021. The antifungal pipeline: fosmanogepix, ibrexafungerp, olorofim,
opelconazole, and rezafungin. Drugs 81:1703–1729. https://doi.org/10
.1007/s40265-021-01611-0.

263. Sprute R, Salmanton-García J, Sal E, Malaj X, Falces-Romero I, Hatvani L,
Heinemann M, Klimko N, López-Soria L, Meletiadis J, Shruti M, Steinmann J,
Seidel D, Cornely OA, Stemler J. 2021. Characterization and outcome of inva-
sive infections due to Paecilomyces variotii: analysis of patients from the Fun-
giScope registry and literature reports. J Antimicrob Chemother 76:765–774.
https://doi.org/10.1093/jac/dkaa481.

264. Revankar SG, Baddley JW, Chen SC, Kauffman CA, Slavin M, Vazquez JA,
Seas C, Morris MI, Nguyen MH, Shoham S, Thompson GR, 3rd, Alexander

BD, Simkins J, Ostrosky-Zeichner L, Mullane K, Alangaden G, Andes DR,
Cornely OA, Wahlers K, Lockhart SR, Pappas PG. 2017. A mycoses study
group international prospective study of phaeohyphomycosis: an analysis of
99 proven/probable cases. Open Forum Infect Dis 4:ofx200. https://doi.org/
10.1093/ofid/ofx200.

265. Isidro AM, Amorosa V, Stopyra GA, Rutenberg HL, Pentz WH, Bridges CR.
2006. Fungal prosthetic mitral valve endocarditis caused by Scopulariop-
sis species: case report and review of the literature. J Thorac Cardiovasc
Surg 131:1181–1183. https://doi.org/10.1016/j.jtcvs.2005.12.062.

266. Fernandez Guerrero ML, Askari E, Prieto E, Gadea I, Román A. 2011. Emerging
infectious endocarditis due to Scedosporium prolificans: a model of therapeu-
tic complexity. Eur J Clin Microbiol Infect Dis 30:1321–1324. https://doi.org/
10.1007/s10096-011-1212-3.

267. Hoenigl M, Seidel D, Carvalho A, Rudramurthy SM, Arastehfar A, Gangneux
JP, Nasir N, Bonifaz A, Araiza J, Klimko N, Serris A, Lagrou K, Meis JF, Cornely
OA, Perfect JR, White PL, Chakrabarti A. 2022. The emergence of COVID-19
associatedmucormycosis: a review of cases from 18 countries. Lancet Microbe
3:e543–e552. https://doi.org/10.1016/s2666-5247(21)00237-8.

268. Mehta NN, Romanelli J, Sutton MG. 2004. Native aortic valve vegetative
endocarditis with Cunninghamella. Eur J Echocardiogr 5:156–158. https://doi
.org/10.1016/j.euje.2003.09.001.

269. Zhang R, Zhang JW, Szerlip HM. 2002. Endocarditis and hemorrhagic stroke
caused by Cunninghamella bertholletiae infection after kidney transplanta-
tion. Am J Kidney Dis 40:842–846. https://doi.org/10.1053/ajkd.2002.35698.

270. Cinteza E, Nicolescu A, Ciomartan T, Gavriliu LC, Voicu C, Carabas A, Popescu
M, Margarint I. 2022. Disseminated Cunninghamella spp. endocarditis in a
beta-thalassemia patient after asymptomatic COVID-19 infection. Diagnostics
(Basel) 12:657. https://doi.org/10.3390/diagnostics12030657.

271. Dwarakanath S, Kumar V, Blackburn J, Castresana MR. 2014. A rare case
of multi-chambered fungal endocarditis from a virulent Cunninghamella
infection. Eur Heart J 35:343. https://doi.org/10.1093/eurheartj/eht444.

272. Hagemann JB, Furitsch M, Wais V, Bunjes D, Walther G, Kurzai O, Essig A.
2020. First case of fatal Rhizomucor miehei endocarditis in an immuno-
compromised patient. Diagn Microbiol Infect Dis 98:115106. https://doi
.org/10.1016/j.diagmicrobio.2020.115106.

273. Tachamo N, Rajagopalan P, Nazir S, Lohani S, Le B, Patel N. 2016. Acute
ischemia of bilateral lower extremities as a presenting feature of disse-
minated mucormycosis endocarditis: a case report. J Community Hosp
Intern Med Perspect 6:33215. https://doi.org/10.3402/jchimp.v6.33215.

274. Vaideeswar P, Shah R. 2017. Zygomycotic infective endocarditis in pregnancy.
Cardiovasc Pathol 28:28–30. https://doi.org/10.1016/j.carpath.2017.02.007.

275. Metallidis S, Chrysanthidis T, Kazakos E, Saraf A, Nikolaidis P. 2008. A fatal
case of pacemaker lead endocarditis caused by Mucor spp. Int J Infect
Dis 12:e151–e152. https://doi.org/10.1016/j.ijid.2008.03.034.

276. Serris A, Danion F, Lanternier F. 2019. Disease entities in mucormycosis.
J Fungi (Basel) 5:23. https://doi.org/10.3390/jof5010023.

277. Özbek L, Topçu U, Manay M, Esen BH, Bektas SN, Aydın S, Özdemir B,
Khostelidi SN, Klimko N, Cornely O, Zakhour J, Kanj SS, Seidel D, Hoenigl
M, Ergönül Ö. 2023. COVID-19-associated mucormycosis: a systematic
review and meta-analysis of 958 cases. Clin Microbiol Infect 29:722–731.
https://doi.org/10.1016/j.cmi.2023.03.008.

278. Davies GE, Thornton CR. 2022. Development of a monoclonal antibody
and a serodiagnostic lateral-flow device specific to Rhizopus arrhizus
(syn. R. oryzae), the principal global agent of mucormycosis in humans. J
Fungi (Basel) 8:756. https://doi.org/10.3390/jof8070756.

279. White PL, Alanio A, Brown L, Cruciani M, Hagen F, Gorton R, Lackner M,
Millon L, Morton CO, Rautemaa-Richardson R, Barnes RA, Donnelly JP,
Loffler J, Fungal PCRI, Fungal PCR Initiative. 2022. An overview of using
fungal DNA for the diagnosis of invasive mycoses. Expert Rev Mol Diagn
22:169–184. https://doi.org/10.1080/14737159.2022.2037423.

280. Cornely OA, Alastruey-Izquierdo A, Arenz D, Chen SCA, Dannaoui E,
Hochhegger B, Hoenigl M, Jensen HE, Lagrou K, Lewis RE, Mellinghoff
SC, Mer M, Pana ZD, Seidel D, Sheppard DC, Wahba R, Akova M, Alanio
A, Al-Hatmi AMS, Arikan-Akdagli S, Badali H, Ben-Ami R, Bonifaz A, Bretagne
S, Castagnola E, Chayakulkeeree M, Colombo AL, Corzo-León DE, Drgona L,
Groll AH, Guinea J, Heussel C-P, Ibrahim AS, Kanj SS, Klimko N, Lackner M,
Lamoth F, Lanternier F, Lass-Floerl C, Lee D-G, Lehrnbecher T, Lmimouni BE,
Mares M, Maschmeyer G, Meis JF, Meletiadis J, Morrissey CO, Nucci M,
Oladele R, Pagano L, Mucormycosis ECMM MSG Global Guideline Writing
Group, et al. 2019. Global guideline for the diagnosis and management of
mucormycosis: an initiative of the European Confederation ofMedical Mycol-
ogy in cooperation with the Mycoses Study Group Education and Research
Consortium. Lancet Infect Dis 19:e405–e421. https://doi.org/10.1016/S1473
-3099(19)30312-3.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 30

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1086/592977
https://doi.org/10.1093/cid/civ507
https://doi.org/10.1016/j.ijantimicag.2023.106718
https://doi.org/10.1016/j.ijantimicag.2023.106718
https://doi.org/10.1093/cid/ciaa1865
https://doi.org/10.1111/j.1439-0507.2009.01835.x
https://doi.org/10.1017/S1047951114000432
https://doi.org/10.1093/clinids/12.6.1147
https://doi.org/10.1097/00005792-200007000-00007
https://doi.org/10.1097/00005792-200007000-00007
https://doi.org/10.1086/432580
https://doi.org/10.1086/432580
https://doi.org/10.1093/cid/ciw326
https://doi.org/10.1128/AAC.41.1.13
https://doi.org/10.1016/j.idc.2021.03.008
https://doi.org/10.1007/s11046-023-00727-z
https://doi.org/10.3390/jof8111121
https://doi.org/10.3390/jof8111121
https://doi.org/10.1007/s40265-021-01611-0
https://doi.org/10.1007/s40265-021-01611-0
https://doi.org/10.1093/jac/dkaa481
https://doi.org/10.1093/ofid/ofx200
https://doi.org/10.1093/ofid/ofx200
https://doi.org/10.1016/j.jtcvs.2005.12.062
https://doi.org/10.1007/s10096-011-1212-3
https://doi.org/10.1007/s10096-011-1212-3
https://doi.org/10.1016/s2666-5247(21)00237-8
https://doi.org/10.1016/j.euje.2003.09.001
https://doi.org/10.1016/j.euje.2003.09.001
https://doi.org/10.1053/ajkd.2002.35698
https://doi.org/10.3390/diagnostics12030657
https://doi.org/10.1093/eurheartj/eht444
https://doi.org/10.1016/j.diagmicrobio.2020.115106
https://doi.org/10.1016/j.diagmicrobio.2020.115106
https://doi.org/10.3402/jchimp.v6.33215
https://doi.org/10.1016/j.carpath.2017.02.007
https://doi.org/10.1016/j.ijid.2008.03.034
https://doi.org/10.3390/jof5010023
https://doi.org/10.1016/j.cmi.2023.03.008
https://doi.org/10.3390/jof8070756
https://doi.org/10.1080/14737159.2022.2037423
https://doi.org/10.1016/S1473-3099(19)30312-3
https://doi.org/10.1016/S1473-3099(19)30312-3
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


281. Egger M, Bellmann R, Krause R, Boyer J, Jakši�c D, Hoenigl M. 2023. Sal-
vage treatment for invasive aspergillosis and mucormycosis: challenges,
recommendations and future considerations. Infect Drug Resist 16:2167–2178.
https://doi.org/10.2147/IDR.S372546.

282. Hoenigl M, Lewis R, van de Veerdonk FL, Verweij PE, Cornely OA. 2022.
Liposomal amphotericin B: the future. J Antimicrob Chemother 77:ii21–ii34.
https://doi.org/10.1093/jac/dkac353.

283. Kassar O, Charfi M, Trabelsi H, Hammami R, Elloumi M. 2016. Fusarium
solani endocarditis in an acute leukemia patient. Med Mal Infect 46:
57–59. https://doi.org/10.1016/j.medmal.2015.11.004.

284. Nunes MdCP, Barbosa FBL, Gomes GHM, Bráulio R, Nicoliello MF, Ferrari
TCA. 2011. Fatal right-sided endocarditis caused by Fusarium in an immuno-
compromised patient: a case report. Mycoses 54:460–462. https://doi.org/10
.1111/j.1439-0507.2010.01891.x.

285. Guinvarc’h A, Guilbert L, Marmorat-Khuong A, Lavarde V, Chevalier P,
Amrein C, Guillemain R, Berrebi A. 1998. Disseminated Fusarium solani
infection with endocarditis in a lung transplant recipient. Mycoses 41:
59–61. https://doi.org/10.1111/j.1439-0507.1998.tb00378.x.

286. Guzman-Cottrill JA, Zheng X, Chadwick EG. 2004. Fusarium solani endo-
carditis successfully treated with liposomal amphotericin B and vorico-
nazole. Pediatr Infect Dis J 23:1059–1061. https://doi.org/10.1097/01.inf
.0000143649.90952.41.

287. Peinado-Acevedo JS, Ramírez-Sánchez IC. 2021. Endocarditis by Fusar-
ium keratoplasticum. Mycopathologia 186:131–133. https://doi.org/10
.1007/s11046-020-00502-4.

288. Ghosh S, Phillips A, Ghosh S, Singh A. 2018. Native valve endocarditis, fu-
sarium and end-stage renal disease. BMJ Case Rep 2018:bcr2017223290.
https://doi.org/10.1136/bcr-2017-223290.

289. Hsu CM, Lee PI, Chen JM, Huang LM, Wu MH, Chiu IS, Lee CY. 1994. Fatal
Fusarium endocarditis complicated by hemolytic anemia and thrombo-
cytopenia in an infant. Pediatr Infect Dis J 13:1146–1148. https://doi.org/
10.1097/00006454-199412000-00015.

290. Clement ME, Maziarz EK, Schroder JN, Patel CB, Perfect JR. 2015. Scedo-
sporium apiosermum infection of the “Native” valve: fungal endocarditis
in an orthotopic heart transplant recipient. Med Mycol Case Rep 9:
34–36. https://doi.org/10.1016/j.mmcr.2015.07.005.

291. O’Bryan TA, Browne FA, Schonder JF. 2002. Scedosporium apiospermum
(Pseudallescheria boydii) endocarditis. J Infect 44:189–192. https://doi
.org/10.1053/jinf.2002.0960.

292. Sobottka I, Deneke J, Pothmann W, Heinemann A, Mack D. 1999. Fatal
native valve endocarditis due to Scedosporium apiospermum (Pseudallescheria
boydii) following trauma. Eur J Clin Microbiol Infect Dis 18:387–389. https://doi
.org/10.1007/pl00015028.

293. Foo H, Ooi SY, Giles R, Jones P. 2009. Scedosporium apiospermum pace-
maker endocarditis. Int J Cardiol 131:e81–e82. https://doi.org/10.1016/j
.ijcard.2007.07.056.

294. Laurini JA, Carter JE, Kahn AG. 2009. Tricuspid valve and pacemaker en-
docarditis due to Pseudallescheria boydii (Scedosporium apiospermum). South
Med J 102:515–517. https://doi.org/10.1097/SMJ.0b013e3181a0b01c.

295. Verghese S, Padmaja P, Chellamma MT, Leelavathy S, Nayar P. 2005. Pros-
thetic valve endocarditis caused by Scedosporium apiospermum. Indian J
MedMicrobiol 23:264–266. https://doi.org/10.1016/S0255-0857(21)02535-4.

296. Jenks JD, Seidel D, Cornely OA, Chen S, Hal S, Kauffman C, Miceli MH,
Heinemann M, Christner M, Jover Sáenz A, Burchardt A, Kemmerling B,
Herbrecht R, Steinmann J, Shoham S, Gräber S, Pagano L, Deeren D, Slavin
MA, Hoenigl M. 2020. Clinical characteristics and outcomes of invasive
Lomentospora prolificans infections: analysis of patients in the FungiScope
registry. Mycoses 63:437–442. https://doi.org/10.1111/myc.13067.

297. Husain S, Munoz P, Forrest G, Alexander BD, Somani J, Brennan K,
Wagener MM, Singh N. 2005. Infections due to Scedosporium apiosper-
mum and Scedosporium prolificans in transplant recipients: clinical char-
acteristics and impact of antifungal agent therapy on outcome. Clin
Infect Dis 40:89–99. https://doi.org/10.1086/426445.

298. Kelly M, Stevens R, Konecny P. 2016. Lomentospora prolificans endocardi-
tis: case report and literature review. BMC Infect Dis 16:36. https://doi
.org/10.1186/s12879-016-1372-y.

299. Wakabayashi Y, Okugawa S, Tatsuno K, Ikeda M, Misawa Y, Koyano S, Tsuji E,
Yanagimoto S, Hatakeyama S, Moriya K, Yotsuyanagi H. 2016. Scedosporium
prolificans endocarditis: case report and literature review. Intern Med 55:
79–82. https://doi.org/10.2169/internalmedicine.55.5592.

300. Tascini C, Bongiorni MG, Leonildi A, Giannola G, Soldati E, Arena G, Doria
R, Germenia C, Menichetti F. 2006. Pacemaker endocarditis with pulmo-
nary cavitary lesion due to Scedosporium prolificans. J Chemother 18:
667–669. https://doi.org/10.1179/joc.2006.18.6.667.

301. Smita S, Sunil S, Amarjeet K, Anil B, Yatin M. 2015. Surviving a recurrent Sce-
dosporium prolificans endocarditis: mention if consent was taken. Indian J
MedMicrobiol 33:588–590. https://doi.org/10.4103/0255-0857.167322.

302. Ahmad S, Zia S, Sarwari AR. 2010. Scedosporium prolificans endocarditis:
case report and review of literature. W V Med J 106:24–26.

303. Cornely OA, Hoenigl M, Lass-Florl C, Chen SC, Kontoyiannis DP, Morrissey CO,
Thompson GR, 3rd, Mycoses Study Group Education and Research Consor-
tium (MSG-ERC) and the European Confederation of Medical Mycology
(ECMM). 2019. Defining breakthrough invasive fungal infection: position pa-
per of the mycoses study group education and research consortium and the
European Confederation of Medical Mycology. Mycoses 62:716–729. https://
doi.org/10.1111/myc.12960.

304. Berger JS, Cusumano LR, Derose JJ, Sarwar UN. 2017. Exophiala (Wan-
giella) dermatitidis prosthetic aortic valve endocarditis and prosthetic
graft infection in an immune competent patient. Case Rep Infect Dis
2017:4839314. https://doi.org/10.1155/2017/4839314.

305. Sivagnanam S, Chen SC, Halliday C, Packham D. 2013. Thermomyces
lanuginosus infective endocarditis: case report and a review of endocar-
ditis due to uncommon moulds. Med Mycol Case Rep 2:152–155. https://doi
.org/10.1016/j.mmcr.2013.09.001.

306. Shephard EA, Sapozhnikov J, Beckerman Z, Murphey DK. 2022. Early di-
agnosis with sequencing and successful treatment of Bipolaris pros-
thetic valve endocarditis. Med Mycol Case Rep 36:13–15. https://doi.org/
10.1016/j.mmcr.2022.02.001.

307. Patel AK, Patel KK, Darji P, Singh R, Shivaprakash MR, Chakrabarti A.
2013. Exophiala dermatitidis endocarditis on native aortic valve in a post-
renal transplant patient and review of literature on E. dermatitidis infec-
tions. Mycoses 56:365–372. https://doi.org/10.1111/myc.12009.

308. Jain D, Oberoi JK, Shahi SK, Shivnani G,Wattal C. 2011. Scopulariopsis brevicaulis
infection of prosthetic valve resembling aspergilloma on histopathology. Car-
diovasc Pathol 20:381–383. https://doi.org/10.1016/j.carpath.2010.11.003.

309. Cawcutt K, Baddour LM, Burgess M. 2015. A case of Scopulariopsis brevi-
caulis endocarditis with mycotic aneurysm in an immunocompetent
host. Case Rep Med 2015:872871. https://doi.org/10.1155/2015/872871.

310. Arroyo MA, Walls TB, Relich RF, Davis TE, Schmitt BH. 2017. Closing the brief
case: Scopulariopsis endocarditis: a case of mistaken Takayasu’s arteritis. J Clin
Microbiol 55:2872–2873. https://doi.org/10.1128/JCM.02480-16.

311. Arroyo MA, Walls TB, Relich RF, Davis TE, Schmitt BH. 2017. The brief
case: Scopulariopsis endocarditis: a case of mistaken Takayasu’s arteritis.
J Clin Microbiol 55:2567–2572. https://doi.org/10.1128/JCM.02479-16.

312. Chen-Scarabelli C, Scarabelli TM. 2003. Fungal endocarditis due to Sco-
pulariopsis. Ann Intern Med 139:W77. https://doi.org/10.7326/0003-4819
-139-9-200311040-00022-w1.

313. Gentry LO, Nasser MM, Kielhofner M. 1995. Scopulariopsis endocarditis
associated with Duran ring valvuloplasty. Tex Heart Inst J 22:81–85.

314. Migrino RQ, Hall GS, Longworth DL. 1995. Deep tissue infections caused
by Scopulariopsis brevicaulis: report of a case of prosthetic valve endocarditis
and review. Clin Infect Dis 21:672–674. https://doi.org/10.1093/clinids/21.3.672.

315. Célard M, Dannaoui E, Piens MA, Guého E, Kirkorian G, Greenland T,
Vandenesch F, Picot S. 1999. EarlyMicroascus cinereus endocarditis of a pros-
thetic valve implanted after Staphylococcus aureus endocarditis of the native
valve. Clin Infect Dis 29:691–692. https://doi.org/10.1086/598662.

316. Phillips P, Wood WS, Phillips G, Rinaldi MG. 1989. Invasive hyalohypho-
mycosis caused by Scopulariopsis brevicaulis in a patient undergoing
allogeneic bone marrow transplant. Diagn Microbiol Infect Dis 12:
429–432. https://doi.org/10.1016/0732-8893(89)90114-4.

317. Cuenca-Estrella M, Gomez-Lopez A, Mellado E, Buitrago MJ, Monzón A,
Rodriguez-Tudela JL. 2003. Scopulariopsis brevicaulis, a fungal pathogen re-
sistant to broad-spectrum antifungal agents. Antimicrob Agents Chemother
47:2339–2341. https://doi.org/10.1128/AAC.47.7.2339-2341.2003.

318. Pasha AK, Lee JZ, Low SW, Desai H, Lee KS, Al Mohajer M. 2016. Fungal
endocarditis: update on diagnosis and management. Am J Med 129:
1037–1043. https://doi.org/10.1016/j.amjmed.2016.05.012.

319. Iwen PC, Schutte SD, Florescu DF, Noel-Hurst RK, Sigler L. 2012. Invasive Sco-
pulariopsis brevicaulis infection in an immunocompromised patient and
review of prior cases caused by Scopulariopsis and Microascus species. Med
Mycol 50:561–569. https://doi.org/10.3109/13693786.2012.675629.

320. Lazarus JE, Branda JA, Gandhi RG, Barshak MB, Zachary KC, Barczak AK.
2020. Disseminated intravascular infection caused by Paecilomyces vari-
otii: case report and review of the literature. Open Forum Infect Dis 7:
ofaa166. https://doi.org/10.1093/ofid/ofaa166.

321. Senior JM, Saldarriaga C. 2009. Endocarditis due to infection by Paecilo-
myces variotii. [In Spanish.] Biomedica 29:177–180. https://doi.org/10
.7705/biomedica.v29i2.19.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 31

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.2147/IDR.S372546
https://doi.org/10.1093/jac/dkac353
https://doi.org/10.1016/j.medmal.2015.11.004
https://doi.org/10.1111/j.1439-0507.2010.01891.x
https://doi.org/10.1111/j.1439-0507.2010.01891.x
https://doi.org/10.1111/j.1439-0507.1998.tb00378.x
https://doi.org/10.1097/01.inf.0000143649.90952.41
https://doi.org/10.1097/01.inf.0000143649.90952.41
https://doi.org/10.1007/s11046-020-00502-4
https://doi.org/10.1007/s11046-020-00502-4
https://doi.org/10.1136/bcr-2017-223290
https://doi.org/10.1097/00006454-199412000-00015
https://doi.org/10.1097/00006454-199412000-00015
https://doi.org/10.1016/j.mmcr.2015.07.005
https://doi.org/10.1053/jinf.2002.0960
https://doi.org/10.1053/jinf.2002.0960
https://doi.org/10.1007/pl00015028
https://doi.org/10.1007/pl00015028
https://doi.org/10.1016/j.ijcard.2007.07.056
https://doi.org/10.1016/j.ijcard.2007.07.056
https://doi.org/10.1097/SMJ.0b013e3181a0b01c
https://doi.org/10.1016/S0255-0857(21)02535-4
https://doi.org/10.1111/myc.13067
https://doi.org/10.1086/426445
https://doi.org/10.1186/s12879-016-1372-y
https://doi.org/10.1186/s12879-016-1372-y
https://doi.org/10.2169/internalmedicine.55.5592
https://doi.org/10.1179/joc.2006.18.6.667
https://doi.org/10.4103/0255-0857.167322
https://doi.org/10.1111/myc.12960
https://doi.org/10.1111/myc.12960
https://doi.org/10.1155/2017/4839314
https://doi.org/10.1016/j.mmcr.2013.09.001
https://doi.org/10.1016/j.mmcr.2013.09.001
https://doi.org/10.1016/j.mmcr.2022.02.001
https://doi.org/10.1016/j.mmcr.2022.02.001
https://doi.org/10.1111/myc.12009
https://doi.org/10.1016/j.carpath.2010.11.003
https://doi.org/10.1155/2015/872871
https://doi.org/10.1128/JCM.02480-16
https://doi.org/10.1128/JCM.02479-16
https://doi.org/10.7326/0003-4819-139-9-200311040-00022-w1
https://doi.org/10.7326/0003-4819-139-9-200311040-00022-w1
https://doi.org/10.1093/clinids/21.3.672
https://doi.org/10.1086/598662
https://doi.org/10.1016/0732-8893(89)90114-4
https://doi.org/10.1128/AAC.47.7.2339-2341.2003
https://doi.org/10.1016/j.amjmed.2016.05.012
https://doi.org/10.3109/13693786.2012.675629
https://doi.org/10.1093/ofid/ofaa166
https://doi.org/10.7705/biomedica.v29i2.19
https://doi.org/10.7705/biomedica.v29i2.19
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


322. McClellan JR, Hamilton JD, Alexander JA, Wolfe WG, Reed JB. 1976. Paeci-
lomyces varioti endocarditis on a prosthetic aortic valve. J Thorac Cardio-
vasc Surg 71:472–475. https://doi.org/10.1016/S0022-5223(19)40222-5.

323. Kalish SB, Goldschmidt R, Li C, Knop R, Cook FV, Wilner G, Victor TA.
1982. Infective endocarditis caused by Paecilomyces varioti. Am J Clin
Pathol 78:249–252. https://doi.org/10.1093/ajcp/78.2.249.

324. Alkorta Gurrutxaga M, Saiz Camín M, Rodríguez Antón L. 2007. Fungal
endocarditis in a patient bearing a valve prosthesis. [In Spanish.] Enferm
Infecc Microbiol Clin 25:549–550. https://doi.org/10.1157/13109991.

325. Silver MD, Tuffnell PG, Bigelow WG. 1971. Endocarditis caused by Paeci-
lomyces varioti affecting an aortic valve allograft. J Thorac Cardiovasc
Surg 61:278–281. https://doi.org/10.1016/S0022-5223(19)42258-7.

326. DelRossi AJ, Morse D, Spagna PM, Lemole GM. 1980. Successful manage-
ment of Penicillium endocarditis. J Thorac Cardiovasc Surg 80:945–947.
https://doi.org/10.1016/S0022-5223(19)37703-7.

327. Hall WJ, 3rd. 1974. Penicillium endocarditis following open heart surgery
and prosthetic valve insertion. Am Heart J 87:501–506. https://doi.org/
10.1016/0002-8703(74)90176-8.

328. Upshaw CB Jr. 1974. Penicillium endocarditis of aortic valve prosthesis. J
Thorac Cardiovasc Surg 68:428–431. https://doi.org/10.1016/S0022-5223
(19)39737-5.

329. Khalique Z, Hatipo�glu S, Rosendahl U, Mohiaddin R. 2019. Unusual compli-
cated fungal endocarditis in a patient with vascular Ehlers-Danlos syndrome.
Ann Thorac Surg 107:e269–e271. https://doi.org/10.1016/j.athoracsur.2018
.08.074.

330. Müller H, Cikirikcioglu M, Lerch R. 2008. Subaortic aneurysm caused by
Paecilomyces lilacinus endocarditis. Arch Cardiovasc Dis 101:803–804.
https://doi.org/10.1016/j.acvd.2008.05.013.

331. Speller DE, MacIver AG. 1971. Endocarditis caused by a Coprinus species:
a fungus of the toadstool group. J Med Microbiol 4:370–374. https://doi
.org/10.1099/00222615-4-3-370.

332. Azar MM, Hage CA. 2017. Laboratory diagnostics for histoplasmosis. J
Clin Microbiol 55:1612–1620. https://doi.org/10.1128/JCM.02430-16.

333. McHardy IH, Barker B, Thompson GR, 3rd. 2023. Review of clinical and
laboratory diagnostics for coccidioidomycosis. J Clin Microbiol 61:e01581-22.
https://doi.org/10.1128/jcm.01581-22.

334. Richards LM, Adil A, Bajwa T, Khandheria BK. 2018. Not just another Wis-
consin case of blastomycosis. Eur Heart J Cardiovasc Imaging 19:473.
https://doi.org/10.1093/ehjci/jex336.

335. Sehgal R, O’Cochlain DF, Virata AR, Singh G. 2021. Disseminated blasto-
mycosis presenting with spontaneous coronary artery dissection. Eur J
Case Rep Intern Med 8:e002511. https://doi.org/10.12890/2021_002511.

336. Pond NE, Humphreys RJ. 1952. Blastomycosis with cardiac involvement
and peripheral embolization. Am Heart J 43:615–620. https://doi.org/10
.1016/0002-8703(52)90122-1.

337. Forbus WD, Bestebreurtje AM. 1946. Coccidioidomycosis: a study of 95 cases
of the disseminated type with special reference to the pathogenesis of the
disease. Mil Surg 99:653–719. https://doi.org/10.1093/milmed/99.5.652.

338. Keckich DW, Blair JE, Vikram HR. 2010. Coccidioides fungemia in six patients,
with a review of the literature. Mycopathologia 170:107–115. https://doi.org/
10.1007/s11046-010-9299-0.

339. Reuss CS, Hall MC, Blair JE, Yeo T, Leslie KO. 2004. Endocarditis caused by
Coccidioides species. Mayo Clin Proc 79:1451–1454. https://doi.org/10
.4065/79.11.1451.

340. Boyanton BL Jr., Boamah H, Lauter CB. 2021. Native vs prosthetic valve
histoplasma capsulatum infective endocarditis: a case report and sys-
temic literature review comparing patient presentation, treatment modal-
ities, clinical outcomes, and diagnostic laboratory testing. Open Forum Infect
Dis 8:ofab360. https://doi.org/10.1093/ofid/ofab360.

341. Riddell J, Kauffman CA, Smith JA, Assi M, Blue S, Buitrago MI, Deresinski
S, Wright PW, Drevets DA, Norris SA, Vikram HR, Carson PJ, Vergidis P,
Carpenter J, Seidenfeld SM, Wheat LJ. 2014. Histoplasma capsulatum en-
docarditis: multicenter case series with review of current diagnostic techni-
ques and treatment. Medicine (Baltimore, MD) 93:186–193. https://doi.org/
10.1097/MD.0000000000000034.

342. Bhatti S, Vilenski L, Tight R, Smego RA Jr. 2005. Histoplasma endocarditis:
clinical and mycologic features and outcomes. J Infect 51:2–9. https://
doi.org/10.1016/j.jinf.2004.10.002.

343. Queiroz-Telles F, Buccheri R, Benard G. 2019. Sporotrichosis in immunocom-
promised hosts. J Fungi (Basel) 5:8. https://doi.org/10.3390/jof5010008.

344. Freitas DF, de Siqueira Hoagland B, do Valle AC, Fraga BB, de Barros MB,
de Oliveira Schubach A, de Almeida-Paes R, Cuzzi T, Rosalino CM, Zancope-
Oliveira RM, Gutierrez-Galhardo MC. 2012. Sporotrichosis in HIV-infected
patients: report of 21 cases of endemic sporotrichosis in Rio de Janeiro, Brazil.
MedMycol 50:170–178. https://doi.org/10.3109/13693786.2011.596288.

345. Gottlieb GS, Lesser CF, Holmes KK, Wald A. 2003. Disseminated sporotri-
chosis associated with treatment with immunosuppressants and tumor
necrosis factor-alpha antagonists. Clin Infect Dis 37:838–840. https://doi
.org/10.1086/377235.

346. Silva-Vergara ML, de Camargo ZP, Silva PF, Abdalla MR, Sgarbieri RN,
Rodrigues AM, dos Santos KC, Barata CH, Ferreira-Paim K. 2012. Dissemi-
nated Sporothrix brasiliensis infection with endocardial and ocular
involvement in an HIV-infected patient. Am J Trop Med Hyg 86:477–480.
https://doi.org/10.4269/ajtmh.2012.11-0441.

347. Thornton CR. 2018. Molecular imaging of invasive pulmonary aspergillo-
sis using ImmunoPET/MRI: the future looks bright. Front Microbiol 9:691.
https://doi.org/10.3389/fmicb.2018.00691.

348. Thompson GR, 3rd, Soriano A, Cornely OA, Kullberg BJ, Kollef M, Vazquez
J, Honore PM, Bassetti M, Pullman J, Chayakulkeeree M, Poromanski I,
Dignani C, Das AF, Sandison T, Pappas PG, ReSTORE trial investigators.
2023. Rezafungin versus caspofungin for treatment of candidaemia and
invasive candidiasis (ReSTORE): a multicentre, double-blind, double-dummy,
randomised phase 3 trial. Lancet 401:49–59. https://doi.org/10.1016/S0140
-6736(22)02324-8.

349. Nguyen M-VH, Davis MR, Wittenberg R, Mchardy I, Baddley JW, Young
BY, Odermatt A, Thompson GR. 2020. Posaconazole serum drug levels
associated with pseudohyperaldosteronism. Clinical Infectious Diseases
70:2593–2598. https://doi.org/10.1093/cid/ciz741.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 32

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://doi.org/10.1016/S0022-5223(19)40222-5
https://doi.org/10.1093/ajcp/78.2.249
https://doi.org/10.1157/13109991
https://doi.org/10.1016/S0022-5223(19)42258-7
https://doi.org/10.1016/S0022-5223(19)37703-7
https://doi.org/10.1016/0002-8703(74)90176-8
https://doi.org/10.1016/0002-8703(74)90176-8
https://doi.org/10.1016/S0022-5223(19)39737-5
https://doi.org/10.1016/S0022-5223(19)39737-5
https://doi.org/10.1016/j.athoracsur.2018.08.074
https://doi.org/10.1016/j.athoracsur.2018.08.074
https://doi.org/10.1016/j.acvd.2008.05.013
https://doi.org/10.1099/00222615-4-3-370
https://doi.org/10.1099/00222615-4-3-370
https://doi.org/10.1128/JCM.02430-16
https://doi.org/10.1128/jcm.01581-22
https://doi.org/10.1093/ehjci/jex336
https://doi.org/10.12890/2021_002511
https://doi.org/10.1016/0002-8703(52)90122-1
https://doi.org/10.1016/0002-8703(52)90122-1
https://doi.org/10.1093/milmed/99.5.652
https://doi.org/10.1007/s11046-010-9299-0
https://doi.org/10.1007/s11046-010-9299-0
https://doi.org/10.4065/79.11.1451
https://doi.org/10.4065/79.11.1451
https://doi.org/10.1093/ofid/ofab360
https://doi.org/10.1097/MD.0000000000000034
https://doi.org/10.1097/MD.0000000000000034
https://doi.org/10.1016/j.jinf.2004.10.002
https://doi.org/10.1016/j.jinf.2004.10.002
https://doi.org/10.3390/jof5010008
https://doi.org/10.3109/13693786.2011.596288
https://doi.org/10.1086/377235
https://doi.org/10.1086/377235
https://doi.org/10.4269/ajtmh.2012.11-0441
https://doi.org/10.3389/fmicb.2018.00691
https://doi.org/10.1016/S0140-6736(22)02324-8
https://doi.org/10.1016/S0140-6736(22)02324-8
https://doi.org/10.1093/cid/ciz741
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


George R. Thompson III, M.D., is a professor of
Medicine at the University of California-Davis
School of Medicine with a joint appointment in
the Department of Medical Microbiology and
Immunology and the Department of Internal
Medicine, Division of Infectious Diseases. Dr.
Thompson specializes in the care of patients
with invasive fungal infections and has research
interests are in fungal diagnostics, clinical trials,
novel antifungal agents, and host immuno-
genetics. Dr. Thompson has served on the IDSA
Journal Club is a member of the Coccidioidomycosis Study Group Planning
Committee, and as chair of the Mycoses Study Group Education Committee.
He has been active in the field of mycology for over 15 years and has
published over 200manuscripts to date.

Jeffrey D. Jenks, M.D., M.P.H., is the Medical
and Laboratory Director at the Durham County
Department of Public Health (Durham, North
Carolina, United States) and an Adjunct Associate
in the Division of Infectious Diseases, Department
of Medicine, at Duke University. He received his
M.D. and M.P.H degrees from the Wright
State University Boonshoft School of
Medicine (Fairborn, Ohio, United States),
completed his internal medicine internship and
residency at Boston Medical Center (Boston,
Massachusetts, United States), and completed his infectious diseases fellowship
at the University of California San Diego (La Jolla, California, United States). He
has published over 50 peer-reviewed scientific manuscripts. His research
interests include clinical mycology, the epidemiology of fungal diseases,
sexually transmitted infections, and the intersection between social
determinants of health and infectious diseases.

John W. Baddley, M.D., is a Professor of
Medicine in the Division of Infectious Diseases at
the University of Maryland School of Medicine.
He was previously a Professor of Medicine in the
Division of Infectious Diseases at the University
of Alabama at Birmingham. After receiving an
undergraduate degree from the University of
North Carolina at Chapel Hill, Dr. Baddley earned
his medical degree from Louisiana State
University (LSU) School of Medicine, New
Orleans. He completed an internship and
residency at LSU Medical Center and fellowship in infectious diseases at
University of Alabama at Birmingham. His clinical work focuses on
management of infections in the immunocompromised host, and he has
been a clinical mycologist for over twenty years.

James S. Lewis II, PharmD, is the co-director
of the Oregon Health Sciences University
(OSHU) antibiotic stewardship program
and serves as the infectious diseases clinical
pharmacist for OHSU. He is the co-chair of the
antibiotic subcommittee of the Clinical Know-
ledge and Therapeutics Executive Committee
(formerly Pharmacy and Therapeutics
Committee) and also serves as the PGY-1
and 2 ID rotation preceptor. Dr. Lewis’
professional interests are antibiotic susce-
ptibility testing, antibiotic/antifungal utilization, and the optimal integration
of rapid microbiology diagnostics in antibiotic stewardship. Dr. Lewis also
currently serves as the co-chair of the breakpoint working group of the
Clinical and Laboratory Standards Institute (CLSI) and is a member of the
editorial board for Antimicrobial Agents and Chemotherapy.

Matthias Egger, M.D., is a research assistant
at the Division of Infectious Diseases in Graz,
Austria. He received his tertiary education at
the Medical University of Graz and currently
works on his doctoral thesis focusing on the
lung mycobiome and fungal translocation in
patients with liver cirrhosis. He is part of the
Translational Medical Mycology Research Unit,
ECMM (European Confederation of Medical
Mycology) Excellence Center for Medical
Mycology, Medical University of Graz, Austria
with its PI Hoenigl. His primary research interests include diagnostics of
invasive fungal infections, novel antifungal agents, and the composition
of the gut and lung mycobiome in health and disease. He is a member of
the ECMM, ISHAM, and ESCMID, especially its young associations.

Ilan S. Schwartz, M.D., PhD., is an associate
professor of infectious diseases and clinical
researcher whose primary interests include
invasive fungal disease, immunocompromised
hosts, and global health. After clinical and
research training in Canada, South Africa,
Belgium, and the United States, he joined the
University of Alberta before joining Duke
University School of Medicine in 2022. There,
he is an Associate Professor of Medicine and
Medical Director of the Division of Infectious
Diseases Clinical Research Unit. He is a board member of the Mycoses Study
Group Education & Research Consortium and is a Fellow of the European
Confederation of Medical Mycology and the Infectious Diseases Society of
America.

Johannes Boyer, M.D., is a resident of the
Division of Infectious Diseases at the university
hospital of the Medical University of Graz,
Austria, where he also earned his MD in 2020.
He is a dedicated researcher with a passion in
the field of invasive fungal infections. His
interests lie in diagnostic strategies and new
therapeutic approaches for the management
of invasive fungal infections.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 33

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23


Thomas F. Patterson, M.D., is a professor
and division chief of infectious diseases at the
University of Texas Health Science Center in
San Antonio. His clinical and research interests
focus on the diagnosis and treatment of fungal
diseases. He has been involved in developing
new antifungal drugs and in clinical trials of new
antifungal compounds, and is funded by the
NIH and industry for grants and contracts on
drug and diagnostic development. He has
conducted pre-clinical studies and clinical trials
for invasive mycoses and received the UTHSA Presidential Distinguished
Research Scholar award. He has been a co-chair or member of the IDSA
Aspergillus Guideline committees. Dr. Patterson has published and lectured
extensively with over 350 peer reviewed publications, chapters, books and
reviews. He has served as a member of the American Board of Internal
Medicine, Subspecialty Committee for Infectious Diseases, and is a Fellow of the
American College of Physicians and the Infectious Diseases Society of America,
Past-President of the Texas Infectious Disease Society, and past-President of the
International ImmunocompromisedHost Society.

Sharon C.-A. Chen, M.D., is an Infectious
Diseases physician/Clinical Microbiologist at
WestmeadHospital, Institute of Clinical Pathology
and Medical Research, Sydney, Australia. She
received her tertiary education at The University
of Sydney. Her PhD focused on Cryptococcus
epidemiology and phospholipase enzymes. She
is theDirector of the Centre of Infectious Diseases
and Microbiology Laboratory Services, which
incorporates reference functions for diagnostic
mycology, including governance and service
provision for regional NSW laboratories. At Westmead Hospital, she undertook
primary clinical liaison for the stem cell and solid organ transplant services until
2022 and continues to perform laboratory liaison. Dr. Chen’s long-standing
interests include fungal disease epidemiology, translation of new diagnostic
tests into practice, antifungal drug resistance, and novel agents. She is a
primary investigator of national antifungal drug trials and has coordinated
national/international fungal management guidelines. A founding member
of the Australia and New Zealand Mycoses Interest Group, she has links with
the ECMM and the MSC-ERC.

Peter G. Pappas, M.D., is a Professor of
Medicine and has been an active University of
Alabama- Birmingham site investigator and
chair of the Mycoses Study Group over the
last fifteen years. He has also served as
Protocol Chair or Co-Chair for multiple MSG
studies. Dr. Pappas’ specific interests include
the epidemiology of invasive fungal infections
and investigation of newer antifungal agents for
the treatment and prevention of invasive fungal
infections. He has published clinical data
concerning a wide variety of invasive mycoses, including cryptococcosis,
blastomycosis, sporotrichosis, invasive candidiasis, and invasive aspergillosis.

Martin Hoenigl, M.D., is an Associate
Professor for Translational Mycology at
the Division of Infectious Diseases, Medical
University of Graz, Austria. After his graduation
and clinical education at the Medical University
of Graz, he became an Associate Professor of
Medicine at the Division of Infectious Diseases
and Global Public Health at the University of
California San Diego, before returning to Graz
for his new appointment. Hoenigl has a
particular interest in conducting research on
clinical mycology, including fungal diagnostics, host-fungal pathogen
interactions, and pharmacology of antifungal drugs; he has been in the
field for over 15 years, and has published over 300 scientific papers.
Hoenigl is the current president of the ECMM. He serves as an Associate
Editor at Open Forum Infectious Diseases (OFID) and a Deputy Editor at
Mycopathologia. More information on Hoenigl is available on his Clinical
Mycology YouTube channel and on Twitter under @martinhoenigl.

Fungal Endocarditis Clinical Microbiology Reviews

Month YYYY Volume XX Issue XX 10.1128/cmr.00019-23 34

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/c

m
r 

on
 2

7 
Ju

ly
 2

02
3 

by
 1

52
.3

.1
02

.2
54

.

https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00019-23

	INTRODUCTION
	CANDIDA SPP.
	Pathogenesis and Pathophysiology of Candida Endocarditis
	Epidemiology
	Risk Factors
	Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

	Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

	Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

	Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

	Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

	Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

	Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed


	Clinical Presentation
	Diagnosis
	Treatment and Prognosis of Candida Endocarditis
	Duration of Therapy
	Complications

	CRYPTOCOCCUS SPP.
	NON-CANDIDA, NON-CRYPTOCOCCUS YEASTS
	Geotrichum spp.
	Kodamaea spp.
	Malassezia spp.
	Saccharomyces spp.
	Saprochaete/Magnusiomyces spp.
	Rhodotorula spp.
	Trichosoporon spp. and Cutaneotrichosporon spp.
	Diagnosis of Rare Yeast Endocarditis
	Treatment of Rare Yeast Endocarditis
	Aspergillus
	Diagnosis, Clinical Presentation, Complications, and Prognosis
	Treatment

	NON-ASPERGILLUS MOLDS
	Mucormycosis
	Fusariosis
	Scedosporosis
	Lomentosporosis
	Phaeohyphomycoses
	Scopulariopsis
	Paecilomyces spp.
	Other Rare Molds

	ENDEMIC MYCOSES
	Blastomyces
	Coccidioides
	Histoplasma
	Sporothrix

	FUTURE DIRECTIONS AND CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES

