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Since the first hematopoietic stem cell transplant (HSCT) was 
performed more than 50 years ago, significant progress has 
been attained in the field, with changes in conditioning reg-
imens, stem cell sources, and outcomes. The preparative regi-
men for HSCT may be fully myeloablative or less aggressive 
(nonmyeloablative). Different sources of stem cells have been 
used, including bone marrow (BM), peripheral blood stem 
cells (PBSCs), and cord blood. Stem cells may originate from 
an identical twin (syngeneic), one’s own self (autologous), 
and another donor (allogeneic). Allogeneic donors may be 
related (family members) or unrelated to the recipients, with 
match or mismatch in human leukocyte antigens (HLA). 
Finally, manipulation of grafts (e.g., T cell depletion, CD34+ 
selection) may be used to modulate outcomes such as graft-
versus-host disease (GVHD) and relapsed malignancy. All 
these variables impact the risks, timing, and outcomes of 
opportunistic infections, including invasive fungal infections 
(IFIs). Historically, infections due to Candida species have 
been predominately encountered soon after HSCT (prior to 
engraftment), while invasive mould infections, mainly inva-
sive aspergillosis (IA), occur both early and later (after 
engraftment). Damage of the gastrointestinal tract mucosa 
and neutropenia due to conditioning regimens – particularly 
those designed to be myeloablative – represent the main risks 
for IFIs prior to engraftment. Neutrophil and T cell impair-
ment associated with delayed engraftment or GVHD and 
associated therapies are the main risks for IFIs later after a 
HSCT.

The incidence, epidemiology, and clinical outcomes of 
IFIs among HSCT recipients have changed over the last sev-
eral decades as a result of changes in the host, preventive 
strategies, and antifungal therapies. While the frequency of 
invasive candidiasis has decreased since the early 1990s, 
increasing frequency of IA among HSCT recipients was 
noted during the 1990s [1–3]. In addition, IFIs due to moulds 
other than Aspergillus, namely the Zygomycetes and Fusarium 

species, have also been appreciated as a significant problem 
[4, 5]. The clinical presentation, dynamically changing 
epidemiology, and outcomes of the most frequently observed 
IFIs, namely candidiasis, aspergillosis, zygomycosis (also 
known as mucormycosis), and other moulds, will be 
discussed.

Invasive Candidiasis

Clinical Presentation

The main risks for Candida infections post HSCT include 
skin and mucosal membrane damage due to the presence of 
central intravenous catheters and conditioning-related gas-
trointestinal mucositis, respectively. Neutropenia before 
engraftment is another significant factor impacting risks for 
invasive candidiasis, and this is affected by the preparative 
regimens, stem cell source, HSCT manipulation, which is 
longer with ablative conditioning, and use of cord blood. 
HSCT recipients with Candida infections most commonly 
present with candidemia, which can be accompanied by sep-
sis. Candidemia may be sustained despite administration of 
appropriate therapy and rapidly disseminate to involve other 
organs. A diffuse maculopapular skin rash may be observed. 
As skin lesions in HSCT recipients may represent a number 
of different entities, it is pertinent to rapidly identify these 
findings and proceed with the appropriate diagnostic proce-
dure to obtain a diagnosis in a timely fashion.

Hepatosplenic candidiasis is the result of Candida species 
invasion into the portal vasculature and subsequent dissemi-
nation to the liver and spleen. Clinical presentation frequently 
occurs when neutropenia resolves and inflammation develops. 
Blood cultures are negative in the vast majority of cases, and 
the diagnosis is usually made based on clinical suspicion. 
Patients present with right upper quadrant pain and tender-
ness on physical examination and have abnormal liver 
enzymes. Computed tomography (CT) or magnetic resonance 
imaging (MRI) of the abdomen may reveal liver, spleen, 
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and/or kidney micronodular lesions. For a definitive diagnosis, 
biopsy of hepatic lesions is required, if feasible, which may 
reveal fungal forms consistent with Candida species. In clin-
ical practice, diagnosis is frequently based on the presence of 
fever, abdominal pain, elevated alkaline phosphatase, and 
liver lesions on imaging. Notably, multiple other organisms 
(e.g., bacteria, filamentous fungi) may present similarly and 
should be appropriately ruled out. Finally, resolution of signs 
and symptoms may be late despite appropriate antifungal 
therapy.

Epidemiology

In the 1980s Candida species were appreciated to be the 
major fungal pathogen affecting HSCT recipients, with 
reported incidence rates between 11% and 18% [6–8]. This 
observation was followed by two large randomized, placebo-
controlled trials testing primary antifungal prophylaxis with 
fluconazole after autologous and allogeneic HSCT [7, 9]. A 
significant decrease in IFIs, mainly due to Candida species, 
was observed in both studies. In one study, fluconazole 
administration was significantly associated with decreased 
overall mortality among allogeneic HSCT recipients [9, 10]. 
The above studies resulted in the widespread administration 
of fluconazole for antifungal prophylaxis in the early post-
transplant period in the early 1990s and lower rates (4.7–7%) 
of invasive candidiasis among HSCT recipients [7–9, 11, 
12]. Epidemiologic studies performed in European centers 
suggest that the incidence of candidiasis among allogeneic 
HSCT recipients has remained low (1–3%) since the 1980s 
[13–16] (Fig. 1). Differences in conditioning, transplant 
practices, and prophylactic strategies among different cen-
ters and countries may, in part, account for differences in 
epidemiology and outcomes.

In early studies, C. albicans counted for >50% of episodes, 
followed by C. tropicalis; C. glabrata and C. krusei were 
less frequently identified [6]. However, the epidemiology of 
Candida species among HSCT recipients has changed; the 
proportion of invasive infection caused by potentially azole-
resistant Candida species, such as C. glabrata and C. krusei, 
has increased since the early 1990s, perhaps as a result of the 
selective pressure from extensive use of fluconazole [11, 12, 
15–19] (Fig. 2). Wingard et al. reported a sevenfold increase 
between 1989 and 1990 in the frequency of invasive candidi-
asis due to C. krusei in patients with leukemia and HSCT 
recipients that received fluconazole for prophylaxis com-
pared with those who did not receive prophylaxis (p = 
0.0002) [17]. The same group reported higher rates of infec-
tion due to C. glabrata among leukemic patients and HSCT 
recipients receiving fluconazole [20]. Recent prospectively 
collected data from a multicenter registry on HSCT recipi-
ents who had IFIs between 2004 and 2007 suggest that spe-
cies other than C. albicans are the most common cause of 
invasive candidiasis, with C. glabrata most frequently iso-
lated (43.5%) [19]. Finally, resistance developing among tra-
ditionally azole-susceptible Candida species can occur. In 
one study, 5.3% of C. albicans isolated were found to be 
resistant to fluconazole, which is consistent with other con-
current reports [11, 21, 22].

Invasive Mould Infections

Clinical Presentation

HSCT recipients are at risk for invasive mould infections by 
virtue of their underlying disease, complications, and admin-
istered therapies. The most frequently encountered moulds 
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Fig. 1 Frequency of invasive candidiasis among allogeneic HSCT 
recipients between 1989 and 2003 in the USA and Europe (Adapted 
from Ref. [11, 12, 14–16])
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Fig. 2 Proportion of Candida species among HSCT recipients with 
invasive candidiasis between 1989 and 2007 in the USA and Europe 
(Adapted from Ref. [11, 12, 14–16, 18]). CALB C. albicans, CGLA C. 
glabrata, CPAR C. parapsilosis, CTRO C. tropicalis, CKRU C. krusei, 
CGUI C. guilliermondii
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affecting HSCT recipients include Aspergillus species, 
Fusarium species, Scedosporium species, and the agents of 
mucormycosis. HSCT recipients are exposed to moulds 
through direct skin inoculation and gastrointestinal tract 
invasion, but the predominant exposure is via inhalation. 
Normally, macrophages identify and kill conidia in the alve-
oli before they germinate and form hyphae. Therapies for 
GVHD, including high-dose corticosteroids and other immu-
nosuppressive agents, significantly affect neutrophil and 
T cell function, both pertinent for containing mould infec-
tions, preventing tissue invasion, and clearing pulmonary 
inflammation [23–26]. Risk factors for IA appear to differ 
based on the timing after transplant, with neutropenia and 
GVHD being the major driving forces before and after 
engraftment, respectively (Table 1). Recent data suggest that 
polymorphisms in different pattern recognition receptors 
(e.g., Toll-like receptors) and other genes, such as those reg-
ulating plasminogen, in HSCT donors and recipients may 
also affect the risks for IA following HSCT [27–29].
Invasive mould infections among HSCT recipients may pres-
ent with local invasion of lung and sinuses or with dissemi-
nation to multiple sites. Aspergillus species are the most 
frequent cause, identified in more than 90% of pulmonary 
invasive mould disease, followed by other filamentous fungi, 

including Fusarium species, Scedosporium species, and the 
agents of mucormycosis [4, 5, 30]. Clinical and radiologic 
presentations of pulmonary syndromes due to different 
moulds are often similar. Patients present with fever, cough, 
dyspnea, hemoptysis, and pleuritic chest pain [5, 31]. A 
“halo sign” (nodular lesion surrounded by a halo represent-
ing alveolar hemorrhage) may be identified in up to 93% of 
patients with acute pulmonary IA [32–37]. Notably, the halo 
sign is not specific for IA, as other infections can present 
similarly, including those caused by other moulds and bacte-
ria, such as Pseudomonas species [38–40]. Radiographic 
patterns may be variable, especially in non-neutropenic hosts 
[35, 36, 41]. Abnormalities may include small or large nod-
ules, patchy, segmental, or wedge-shaped consolidations, 
peribronchial infiltrates, tree-in-bud distribution, and cavi-
ties [35, 36] (Fig. 3). Recent studies suggest that allogeneic 
HSCT recipients with IA in the setting of GVHD may pres-
ent with variable radiographic findings, such as broncho-
pneumonia or focal infiltrates rather than isolated nodules 
[41]. Retrospective data suggest that presence of concomi-
tant sinusitis, multiple (>10) pulmonary nodules, and pleural 
effusion may be predictive of pulmonary mucormycosis 
[42]. Because therapies differ, aggressive diagnostic workup, 
including bronchoscopy and testing for galactomannan, 

Table 1 Risk factors associated with invasive aspergillosis among HSCT recipients

Overall Early (0–40 days) Late (>40 days)

Host-related Age >40 [1, 2, 4, 15] Age >40 [1, 2] Age >19 [1]
CMV seropositivity [2, 26] CMV seropositivity [2]

Underlying disease Hematologic malignancya [1, 2, 4] Hematologic malignancya  
[1, 2]

Hematologic malignancya [1]

Multiple myeloma [1] Aplastic anemia [1, 2] Multiple myeloma [2]
Myelodysplastic syndrome [1, 2] Myelodysplastic syndrome [1, 2]

Transplant-related
 Conditioning Total body irradiation [15]
Donor–recipient Mismatched donor [1, 2] Mismatched donor [1] Unrelated donor [1]

Unrelated donor [2, 4, 15]
TLR4 donor polymorphism [26]
Plasminogen gene recipient  

polymorphism [27]
Stem cell source/manipulation Cord blood [2] Cord blood [2] T cell depletion [2]

T cell depletion [2] CD34 selection [2]
CD34 selection [2]

Transplant complications Neutropenia [1, 2] Neutropenia [1, 2]
GVHD acute 2–4 [2] Lymphopenia [2]
Chronic extensive GVHD [2] Acute GVHD grade 2–4 [1, 2]

Corticosteroids [1]
Concomitant infections CMV disease [2] CMV disease [2] CMV disease [2]

Respiratory viral infection [2] Respiratory viral infections [2]
Other factors No laminar air room [1] Present construction [1]

Summer [1]
CMV cytomegalovirus, TLR Toll-like receptors, GVHD graft-versus-host disease
aOther than chronic myelogenous leukemia, chronic phase and first remission
Only results found significant in multivariate analyses are included
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should be promptly initiated to allow the accurate diagnosis 
of invasive mould infections and initiation of appropriate 
therapies.

Sinusitis is a common manifestation of invasive mould 
infections among HSCT recipients, with Aspergillus species 
and the Zygomycetes representing the major pathogens. Sinus 
disease can be very subtle and is occasionally found on routine 
sinus CT, but most patients present with facial tenderness, 
congestion, and fever. A CT scan showing sinus disease is not 
specific, as multiple different moulds and bacterial pathogens 
can cause sinusitis. Definitive diagnosis relies on biopsy and 
culture of the affected tissue, if feasible. These organisms may 
invade and spread into the orbits or brain causing significant 
necrosis of the palate, often presenting as a necrotic, black 
eschar. The absence of distinct lesions upon direct visualiza-
tion of the sinuses should not exclude tissue biopsy.

Invasive mould infections among HSCT recipients can 
spread to other contiguous sites or rapidly disseminate to 
skin, leading to multiple papular to nodular necrotic lesions, 
and to other organs, including the lungs and brain [4, 43–48]. 
Fusarium species can sporulate in vivo and produce adventi-
tious forms that disseminate and are able to grow in blood 
cultures [4, 49]. A classic presentation of fusariosis is that of 

disseminated papular-to-ulcerated skin lesions and blood 
cultures positive for a filamentous organism [48, 50]. Other 
filamentous organisms, predominately S. prolificans, can 
also be detected in blood cultures [45, 51].

Epidemiology

In the 1990s data from the Fred Hutchinson Cancer Research 
Center in Seattle, Washington, suggested that the incidence 
of IA among allogeneic HSCT recipients increased com-
pared to the 1980s (11.2% vs 5.7%, respectively; p = 0.02) 
[1]. Multiple centers have since reported that the rates of IA 
among allogeneic HSCT recipients remained as high as 10% 
during the 1990s and early 2000s [2–4, 13, 14, 52–54]. All 
HSCT recipients are not equally affected by Aspergillus spe-
cies. The incidence of IA differs based on factors predicting 
severity and duration of neutropenia and GVHD: (1) type of 
transplant (lower among autologous [0–5.3%] compared to 
allogeneic HSCT [10%]), (2) HLA match (higher in HLA 
mismatched and unrelated donors [10.5% vs matched related 
7.3%]), and (3) graft manipulation (higher in T-cell-depleted 

Fig. 3 Radiographic presentations of aspergillosis in allogeneic 
HSCT recipients. Appearance can vary from (a) isolated pulmo-
nary lesions, to (b) cavitary lesions, to (c and d) infiltrates. 

Infiltrates are frequently pleural based (c and d), and ground glass 
changes can appear surrounding nodular lesions (a) or as an  
isolated finding (d)
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[4–16%] vs unmanipulated grafts [2.2–7%]) [2, 4, 15, 53–58]. 
In contrast, differences in the conditioning regimen do not 
seem to significantly affect the incidence of IA postalloge-
neic HSCT, with recipients of nonablative conditioning regi-
mens exhibiting high risks during GVHD [57, 59–62].

Although less frequently encountered, the incidence of 
mucormycosis among HSCT recipients significantly increased 
from 0.25% (10 cases among 4,020 HSCT recipients) between 
1989 and 1998 to 1.5% (13 of 834) from 2002 to 2004 in one 
center [30]. Similarly, other groups have reported a relative 
increase in the frequency of infections due to moulds other 
than IA among HSCT recipients since the 1990s (Fig. 3) 
[4, 15, 19, 30].

Despite the routine administration of prophylactic therapy 
and aggressive monitoring of HSCT recipients, almost one-
third of IA cases are observed prior to engraftment, particu-
larly among autologous HSCT recipients [3, 15, 19]. 
However, the majority of cases of other mould infections 
occur post engraftment, during periods of acute or chronic 
GVHD [3, 4, 19, 30, 48, 63, 64]. In one series, all cases of 
zygomycosis and fusariosis occurred after engraftment, with 
>50% diagnosed after day 100 [3].

A. fumigatus has been the most commonly isolated 
Aspergillus species in HSCT recipients with IA, ranging 
from 22.1 to 80.5% in different series (Fig. 4) [1, 4, 13–15, 
19, 52]. The frequency of infections with A. flavus, A. terreus, 
and A. niger has varied in different studies, but these species 
are noted much less commonly than A. fumigatus [1, 4, 13–
15, 19, 52, 57]. Clusters of cases of IA due to A. ustus or A. 
calidoustus, both potentially multi-drug-resistant pathogens, 
have been reported among HSCT recipients [65–67]. 
Recently infections caused by previously unrecognized spe-
cies within the section Fumigati, specifically A. lentulus, 

Neosartorya udagawae, and N. pseudofischeri, have been 
reported in HSCT recipients from multiple centers [68–72]. 
These species include several that exhibit high resistance 
profiles to multiple antifungal agents, including voriconazole 
and amphotericin B, which raises questions regarding the 
potential clinical significance of antifungal resistance in 
cases with poor outcomes. In addition, A. terreus has been 
reported to be resistant to amphotericin B [73–75].

The above observations underscore the importance of 
establishing a microbiologic diagnosis for IA when feasible. 
Unfortunately, recent reports suggest that Aspergillus spe-
cies remain either unknown or not identified in as many as 
49–62% of cases (Fig. 4) [15, 19]. This may, in part, be 
related to the availability of noninvasive diagnostic tests such 
as CT scans and galactomannan assays that provide a possi-
ble or probable diagnosis without requiring an invasive pro-
cedure such as bronchoscopy and lung tissue biopsy. 
Although this may facilitate and, at times, expedite the diag-
nosis of IA, the emergence of new Aspergillus species with 
different susceptibility profiles and azole resistance among 
Aspergillus species should be taken into consideration when 
treating HSCT recipients with IA, particularly those that fail 
to respond to the administered therapies.

Prevention

Therapy of IFIs entails both preventive strategies as well as 
treatment of established infection. In HSCT recipients, pre-
vention of infection is critical. It can be argued that the most 
important therapeutic advances in the supportive care of 
HSCT recipients within the last decade have occurred due to 
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the effective measures to prevent gram-negative bacterial 
infections, CMV disease, and candidiasis. One multivariable 
analysis of outcomes among unrelated donor HSCT recipi-
ents with chronic myelogenous leukemia found that two 
important predictors of overall survival were receipt of gan-
ciclovir for preventing CMV infection and fluconazole for 
preventing candidiasis [76].

Strategies to prevent fungal infections may rely on 
administration of antifungals “prophylactically” in high-risk 
patients, “empirically” in patients with fever during neutrope-
nia, and “preemptively” in patients in whom a more specific 
indicator of fungal infection is detected. There are advantages 
and disadvantages to each of these strategies.

Prophylaxis

Prophylactic administration of azole antifungal drugs has 
become common practice in HSCT recipients. Several ran-
domized trials performed in the early 1990s showed efficacy 
in preventing candidiasis [7, 9]. The first large randomized 
trial that compared fluconazole with placebo until neutrophil 
engraftment in both autologous and allogeneic HSCT recipi-
ents showed that fluconazole was associated with decreased 
fungal infections and fungal infection-related deaths, but 
there was no difference in overall survival [7]. A second trial 
compared fluconazole with placebo, both administered for a 
longer period of time during GVHD in allograft recipients 
[9]. The results of this trial, and a subsequent long-term fol-
low-up study of the same randomized cohort, verified that 
fluconazole decreased infections, infection-related deaths, 
and the overall mortality rate of allograft recipients [9, 10]. 
Another study documented that the prophylactic use of flu-
conazole decreased the incidence of hepatosplenic candidia-
sis in HSCT recipients [77]. Optimal doses and duration of 
fluconazole administration continue to be a matter of debate.

Unfortunately, the successful prevention of fungal infec-
tions has been dampened due to the emergence of azole-
resistant Candida species and moulds. Most reports suggest 
that liberal azole use is associated with selection of resistant 
Candida species, namely C. glabrata and C. krusei [11, 78, 79]. 
Perhaps more importantly, the incidence of IA has increased 
in many centers, with this organism surpassing yeasts as the 
cause of infection-related mortality. The estimated incidence 
of IA approximates 10–15% in most HSCT centers, with 
the majority of infections diagnosed late after engraftment – 
during GVHD [1, 53, 80]. Due to this shift in epidemiology, 
efforts turned toward establishing a preventive strategy that 
would encompass moulds as well as yeasts.

Several studies were performed to determine if itracon-
azole was better than placebo, amphotericin B, or flucon-
azole for preventing infection in neutropenic patients 
[81–83]. Although the results of these studies suggested 

promise regarding prevention of IA, the studies were not 
performed in high-risk HSCT recipients. Two trials that 
compared outcomes of HSCT patients who received either 
itraconazole or fluconazole for at least 100 days after trans-
plant demonstrated the potential utility of itraconazole in 
preventing invasive mould infections; however, the rate of 
toxicities was high [84]. Two large studies have demonstrated 
utility of posaconazole in preventing IFI, especially those 
caused by moulds, in HSCT patients with GVHD and in 
patients who are neutropenic following therapy for acute 
myelocytic leukemia or myelodysplastic syndrome [85, 86]. 
Another large trial that compared outcomes of voriconazole 
to fluconazole in “standard risk” HSCT recipients has been 
completed, with numbers of IFI suggesting potential utility 
of the mould-active drug [87]. Finally, other methods of 
administering mould-active antifungals, such as inhaled lipid 
amphotericin B formulations, may provide utility in prevent-
ing IA, but this practice is not yet the standard of care [88].

Empirical and Preemptive Therapy

Another approach to prevention of IFIs is to administer anti-
fungal agents to neutropenic patients with fever that persists 
despite antibiotics. This practice was established in the 
1980s, with the performance of two randomized trials that 
compared outcomes of febrile neutropenic patients who 
received either no antifungal therapy or amphotericin B 
deoxycholate [89, 90]. Both trials showed that amphotericin 
B was associated with fewer fungal infections. Which anti-
fungal is best for treating fever during neutropenia has been 
the subject of multiple studies performed subsequently. Most 
of these studies did not enroll enough HSCT patients to com-
pare efficacy of preventing infection, especially in people 
already receiving some type of systemically absorbed anti-
fungal drug as prophylaxis [91]. Evaluation of toxicity end 
points and composite variables showed efficacy, but fewer 
toxicities with empirical therapy with fluconazole, itracon-
azole, and lipid formulations of amphotericin B compared to 
amphotericin B deoxycholate [91, 92]. Whether the toxicity 
concerns are great enough to warrant the use of the more 
expensive formulations is a matter of continued debate. 
Expense has limited their widespread adoption in many large 
cancer centers. Mould-active triazole antifungal drugs, such 
as voriconazole and lipid amphotericin B formulations, may 
be appropriate for treatment of fever during neutropenia in 
HSCT recipients who have received fluconazole prophylacti-
cally [93, 94]. However, fever during neutropenia is not fre-
quently caused by fungal infections in patients who are 
receiving prophylaxis. Recent studies have found that <5% 
of high-risk HSCT recipients who are febrile while receiving 
systemically absorbed antifungal prophylaxis actually had 
fungal infections as a cause of their fevers [94].
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Preemptive is a term used to describe therapy adminis-
tered early during the course of infection in some settings in 
an attempt to prevent the development of disease. For CMV, 
strategies using pp65 antigenemia and PCR to identify infec-
tion in HSCT recipients have been very successful at pre-
venting CMV disease and attributable mortality [95]. The 
development of new diagnostic assays for fungal infections 
may allow for the similar development of preventive strate-
gies. Early studies focused on the use of serial CT-scanning 
to initiate early antifungal therapy. Although one small study 
noted that screening with sensitive radiographic tests may 
lead to decreased Aspergillus-associated mortality compared 
to historic controls, the costs and inability to routinely screen 
for long durations after HSCT have limited the applicability 
of this approach [96]. Other studies have reported that screen-
ing with PCR or antigenemia assays may permit establish-
ment of an earlier diagnosis of aspergillosis [97].

Recently, two large studies have evaluated, in a compara-
tive fashion, the potential utility of preemptive therapy. In one, 
patients were randomized to “standard care” versus care aug-
mented with PCR-based screening. Results did not demon-
strate clear benefits in the PCR-based approach; more 
antifungals were used and there was no large difference in 
clinical outcomes [98]. Another study randomized neutropenic 
patients to receive either “standard care” with empirical ther-
apy or an approach that utilized composite clinical and labora-
tory criteria, including galactomannan screening tests, to 
trigger the initiation of antifungal therapy [99]. In that study, 
there were trends to fewer IFIs, particularly those caused by 
Candida species, in the standard “empirical” therapy arm, 
suggesting that a preemptive approach driven by these clinical 
criteria may not be sufficient for early therapy in patients who 
are not receiving fluconazole as prophylactic therapy. While 
these studies have tremendous importance in providing first 
efforts for comparative evaluation of preemptive approaches, 
neither can be considered to provide definitive results, and 
more efforts are needed to optimize preventative strategies.

Other Methods

Aside from prophylactic or preemptive antifungal administra-
tion, other methods to prevent IFIs in HSCT recipients include 
avoiding exposure and minimizing the severity or duration 
of risk. Aspergillus and other moulds are most frequently 
acquired from the hospital or external environment, although 
a certain number of HSCT patients who develop disease early 
after transplant appear to have reactivation from a previously 
acquired infection. Efforts to minimize exposure to Aspergillus 
species during the periods of risk have focused on air filtra-
tion, either through laminar airflow or high-efficiency partic-
ulate air (HEPA) filtration. No randomized trials have been 
performed to measure the utility of these measures; however, 

several multivariable models to define risk factors for IA have 
shown that both may be useful to prevent infection early after 
transplant [1, 100, 101]. The important limitation to using 
containment practices is that they are only useful during the 
period of time during which they are employed. Many expe-
rienced clinicians have recently questioned the utility of lami-
nar air flow at a time when disease is most frequently acquired 
outside of the hospital, late after transplant.

The environmental source of Aspergillus species has also 
been called into question with the results of several recent 
studies suggesting that moulds may be a common contami-
nant in hospital water supplies [102–106]. The findings of 
Aspergillus (including A. fumigatus) and Fusarium species 
in hospital water supplies, with high amounts of spores 
recovered in and around patient bathrooms, have led some 
clinicians to suggest that it may be prudent to avoid aero-
solization of water through showering during the period of 
high risk. Other studies have reported outbreaks of hospital-
acquired A. terreus infections from apparent association with 
vegetation (plants) within the hospital [107].

Although the exact environmental source of moulds is rarely 
determined, even during periods of outbreaks, most centers 
have instituted infection control practices that focus on air 
monitoring, patient avoidance of vegetation and food known to 
have high mould content, such as pepper, and patient avoidance 
of activities that are associated with aerosolization of conidia, 
including mowing the lawn, gardening, vacuuming, etc. More 
studies are necessary to determine whether other infection con-
trol practices can minimize infection late after HSCT.

It may also be possible to prevent infection by minimizing 
the severity and the duration of risks. Efforts to prevent fun-
gal infections have focused on the roles of immune modula-
tors to decrease neutropenia. Few placebo-controlled 
randomized studies employing hematopoietic growth factors 
or granulocyte infusions to prevent infection have been per-
formed; however, the results of small randomized trials and 
risk factor analyses suggest that minimizing the period of 
neutropenia is associated with fewer Candida and Aspergillus 
infections [108]. Optimizing risk reduction during the GVHD 
period is important, and recent risk factor analyses have 
shown that factors other than neutropenia, namely corticos-
teroid exposure, viral (CMV) infections, and lymphopenia 
may be the strongest predictors of post-engraftment aspergil-
losis [2, 53]. Minimizing the use of corticosteroids for GVHD 
is prudent, when possible.

Treatment

For a long time, clinicians have balanced the need for estab-
lishing a microbial diagnosis of fungal infections with the 
desire to minimize complications associated with invasive 
procedures. Mould infections are especially difficult to diag-
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nose with certainty without performance of some type of inva-
sive procedure, such as bronchoalveolar lavage or lung biopsy. 
Although complications are rare subsequent to lavage, lung 
biopsy may elicit hemorrhage and infection in neutropenic, 
thrombocytopenic patients [109]. One may treat patients with 
suggestive radiographic lesions presumptively with antifungal 
agents; however, without a definitive diagnosis, there is a sub-
stantial risk of administering misdirected therapy. Establishing 
a microbial diagnosis has become especially important now 
that multiple effective antifungal drugs other than amphoteri-
cin B deoxycholate are available for use.

Treatment of Candidiasis

Therapy of infections caused by Candida depends on the caus-
ative species. While fluconazole has been shown to be equiva-
lent to amphotericin B for treatment of candidemia in 
nonneutropenic patients, candidiasis in neutropenic patients 
and HSCT recipients is frequently caused by azole-resistant 
organisms, such as C. glabrata or C. krusei [1, 110, 111]. 
In these patients, even C. albicans may become resistant to 
fluconazole through continued exposure during prophylactic 
therapy [11, 78, 112]. For this reason, and because azole drugs, 
especially fluconazole and itraconazole, have not been evalu-
ated extensively for therapy of invasive infection in severely 
immunosuppressed patients, standard therapy of bloodstream 
infection should include an amphotericin B formulation or an 
echinocandin. Therapy with lipid formulations of amphoteri-
cin B or one of the echinocandins is supported by the results of 
randomized trials, in which these agents – caspofungin, mica-
fungin, and anidulafungin – were compared with amphoteri-
cin B, lipid formulations of amphotericin B, or fluconazole. 
Results of these studies suggest comparable efficacy, with 
potentially fewer toxicities associated with echinocandin ther-
apy [113–116]. Duration of therapy for candidemia should 
continue for at least 2 weeks after the first negative blood cul-
ture in order to minimize the likelihood of metastatic sequelae, 
such as chorioretinitis and endocarditis [117].

Multiple antifungal drugs, including fluconazole, have 
been shown to be effective for the treatment of hepatosplenic 
candidiasis, as most infections are caused by susceptible  
C. albicans. Although no randomized studies have been per-
formed to identify the best antifungal agent for treatment, 
most clinicians favor the use of an amphotericin B formula-
tion as initial therapy, followed by maintenance therapy with 
an azole antifungal until resolution of lesions occurs [118]. 
Anecdotal success has been reported using echinocandin 
antifungals for therapy of hepatosplenic candidiasis as well, 
which is consistent with the distribution of these drugs to the 
liver [119]. The reader is referred to a detailed discussion of 
treatment of Candida infections in Chap. 11.

Treatment of Mould Infections

Historically, the only effective therapy for mould infections 
was amphotericin B. The introduction of new triazoles and 
echinocandins has now challenged this “gold standard,” with 
evidence that alternative therapy may be indicated for non-
Aspergillus mould infections and for treatment of infection 
that does not initially respond to amphotericin B formula-
tions. No randomized studies have compared therapy with 
amphotericin B deoxycholate to lipid formulations of ampho-
tericin B, although the latter formulations have fewer neph-
rotoxicities and infusion-related toxicities, both of which 
may occur at high frequency in HSCT recipients [94, 120]. 
Differentiating infections with Aspergillus species and other 
mould pathogens has become critical, as optimal therapy for 
each may differ. While amphotericin B remains the current 
therapy of choice for zygomycosis, several retrospective 
open-label studies suggest that the best outcomes result from 
therapy with high doses of lipid amphotericin B formulations 
in conjunction with aggressive surgical debridement of 
involved tissue and granulocyte stimulation or replacement 
[5, 121]. Emerging data indicate that optimal therapy for 
Fusarium species and Scedosporium species may be a 
mould-active triazole antifungal drug. Reports of outcomes 
using voriconazole and posaconazole have been encourag-
ing, leading some experienced clinicians to suggest that these 
drugs should now be considered first-line therapy for these 
opportunistic filamentous mould infections.

The historic algorithm for treating IA has been to admin-
ister amphotericin B deoxycholate as initial (primary) ther-
apy and then to switch to either a mould-active triazole, an 
echinocandin, or a lipid formulation of amphotericin B if 
the patient develops serious toxicities or fails to respond to 
initial therapy. Only one randomized, double-blind study 
has been performed to evaluate the use of a lipid formula-
tion of amphotericin B as primary therapy for IA. In this 
study, amphotericin B colloidal dispersion (ABCD) at a 
dose of 6 mg/kg/day was equivalent in efficacy to amphot-
ericin B deoxycholate, 1.0–1.5 mg/kg/day, but was associ-
ated with significantly less nephrotoxicity [122]. Despite 
the lack of data to support superior efficacy, the lipid for-
mulations are favored by many clinicians because of their 
potential to deliver high doses of amphotericin B to target 
tissues without an increase in toxicities. A recent study that 
compared two doses of liposomal amphotericin B (3 mg/kg 
vs 10 mg/kg) did not demonstrate better outcomes with the 
higher dose, in which there were also more toxicities [123]. 
Salvage studies have shown that voriconazole, posacon-
azole, and caspofungin are associated with successful ther-
apy when used as a second-line agent in approximately 
40% of patients.

The algorithm for standard therapy for IA changed with 
trials that compared amphotericin B with voriconazole. 
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Although the response rates of aspergillosis in allogeneic 
HSCT recipients using amphotericin B formulations only 
approximated 10–15%, responses were noted in 26% of allo-
geneic HSCT patients who received voriconazole either as 
primary or secondary therapy [33, 124–126]. More convinc-
ing evidence that voriconazole may be an effective therapy 
comes from the randomized trial that compared voriconazole 
as primary therapy with the standard algorithm of amphoteri-
cin B followed by the investigator’s choice of other licensed 
antifungal therapy. The results of this trial indicate that clini-
cal outcomes and overall survival rates improve with vori-
conazole used as primary therapy [127].

In vitro and in vivo studies suggest that combination anti-
fungal therapy, employing an echinocandin with either a 
mould-active triazole or an amphotericin B formulation for 
IA, may be more efficacious [128–131]. Retrospective data 
from the Fred Hutchinson Cancer Center showed that vori-
conazole combined with caspofungin as salvage treatment of 
IA in HSCT recipients, most of whom had received an allo-
geneic transplant, was associated with improved 3-month 
survival compared to voriconazole alone [132]. In multivari-
ate model analyses, salvage therapy with the combination of 
voriconazole and caspofungin was associated with reduced 
mortality rates, compared with therapy with voriconazole 
(HR, 0.28; 95% CI, 0.28–0.92; p = 0.01), independent of 
other prognostic variables [132]. A prospective double-blind, 
randomized, multicenter, international study to address the 
efficacy of combination therapy of voriconazole with an 
echinocandin in HSCT recipients and high-risk hematologic 
malignancy patients is currently underway (Clinical Trials 
Gov: NCT00531479).

Recently, attention has turned toward the potential need 
for therapeutic drug monitoring to assure “good” levels of 
voriconazole. Studies have shown that approximately 20% 
of patients do not have measurable levels of the drug despite 
standard dosing, and if levels are too high, there may be a 
higher incidence of neurotoxicity and/or hepatotoxicity 
[133–135]. While the optimal algorithm for dosing and fol-
lowing up on voriconazole has yet to be defined, levels have 
to at least be considered, especially in patients who are not 
responding or who have demonstrated toxicities. Clinical 
studies evaluating the safety and efficacy of the various com-
binations, especially combining voriconazole with an echi-
nocandin, are underway. Common practice is to continue 
antifungal therapy for the duration of time that the patient is 
receiving immunosuppressive drugs. Allogeneic HSCT 
recipients with pulmonary mould infections should receive 
prolonged antifungal therapy, at least as long as they are 
receiving high doses of corticosteroid therapy for GVHD. 
The cumulative dose and duration of corticosteroid exposure 
are closely associated with negative outcomes of antifungal 
therapy; consequently, every effort should be made to mini-
mize exposure to corticosteroids [33].

Adjunctive Therapy

The utility of adjunctive therapy using immune modulating 
agents, such as hematopoietic growth factors or granulocyte 
transfusions, continues to be a matter of debate. No definitive 
randomized studies have been performed. Up to now, studies 
have only justified the safety of immunomodulating therapy, 
with anecdotes suggesting efficacy. Granulocyte colony-stim-
ulating factor (G-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) are used frequently in patients 
who are neutropenic and have invasive fungal infections. 
Adjunctive immunotherapy may be especially important for 
treatment of mould infections characterized by a large circu-
lating fungal burden and relative resistance to antifungal 
drugs, as with disseminated fusariosis. In addition, other 
reports emphasize that outcomes of therapy for zygomycosis 
improve with rapid resolution of neutropenia [5]. The poten-
tial utility of neutrophil transfusions as adjunctive therapy has 
been rejuvenated with the development of G-CSF-primed 
community donor transfusions [136]. Studies evaluating the 
safety and efficacy of such transfusions, and the use of inter-
feron-gamma for adjunctive therapy of aspergillosis in neu-
tropenic patients, are either ongoing or in development.

The role of surgical debridement of pulmonary fungal 
lesions is also a matter of debate, as no randomized studies 
have been performed, and noncontrolled studies are impacted 
by selection bias. Anecdotal reports and case series suggest that 
there is a definite role for surgical resection in patients who 
present with severe hemoptysis and fungal lesions abutting 
large vessels, and in patients in whom further myelosuppres-
sive therapy is intended [137]. In many centers, patients who 
present pretransplant with isolated pulmonary fungal lesions 
undergo resection when possible. This practice is justified by 
the results of case series that suggest that recurrent fungal infec-
tion occurs less frequently in patients who have undergone sur-
gical resection before myeloablative therapy. As mentioned 
above, surgical resection of infection caused by Zygomycetes 
appears to be strongly associated with successful therapy.

Clinical Outcomes

Clinical outcomes among HSCT recipients with invasive 
candidiasis remain poor, in part due to the underlying com-
promised immune status and organ function of these patients. 
Mortality rates ranged between 22% and 40% during the 
1980–1990s [6, 8, 11]. In a US multicenter study performed 
between 2004 and 2007, the crude 12-week mortality rate 
among HSCT recipients with invasive candidiasis was found 
to be 48.9% [19]. Although less frequently encountered due 
to routine prophylaxis with fluconazole, invasive candidiasis 
appears to be a significant factor affecting outcomes among 



506 D. Neofytos and K.A. Marr

HSCT recipients. More aggressive HSCT practices, such as 
performing high-risk transplants, might have resulted in 
sicker patients with worse prognoses due to their comorbidi-
ties and prolonged immunosuppressed state. Estimating the 
actual attributable mortality of invasive candidiasis in this 
population is difficult.

The reported 4–12-month mortality rates among HSCT 
recipients with IA have historically been as high as 90% [1, 
2, 4, 33]. Recent data suggest that outcomes may be improv-
ing, with 12-week overall survival ranging from 44 to 64.5% 
[19, 138, 139]. Improved contemporary clinical outcomes 
may in part reflect improved diagnostic modalities leading to 
earlier recognition of IA and prompt initiation of antifungal 
treatment at an earlier stage. In fact, early diagnosis of pul-
monary IA based on chest CT scan was associated with 
improved 12-week survival rate (71% vs 53%, p < 0.01) and 
treatment response (52% vs 29%, p < 0.001) [37]. The avail-
ability of potent and well-tolerated antifungal agents might 
have also allowed for earlier treatment initiation and improved 
outcomes. Different centers have reported an association 
between improved survival rates and voriconazole adminis-
tration [138, 139]. In addition, transplant-related variables, 
such as nonmyeloablative conditioning and use of peripheral 
blood cells as a stem cell source, have been associated with 
improved survival rates [138, 139]. In contrast, predictors of 
mortality among HSCT recipients with IA have included 
younger age, HLA-mismatched donors, neutropenia, mono-
cytopenia, abnormal renal and liver function, disseminated 
disease, presence of a pleural effusion, administration of cor-
ticosteroids, and uncontrolled GVHD [19, 139, 140].

While the clinical outcomes of IA appear to be improv-
ing, survival among HSCT recipients with mucormycosis 
and other mould infections remains poor, with reported mor-
tality rates ranging between 64% and 100% [4, 19, 121]. 
Historically, HSCT recipients with an invasive infection due 
to Fusarium species have had poor outcomes, with survival 
rates ranging between 13% and 21% [4, 48, 141]. Similarly, 
infections with Scedosporium species have been associated 
with 30-day mortality rates reaching 100% [4]. The pro-
longed duration of profound immunosuppression of HSCT 
recipients, cumbersome and frequent late diagnosis of these 
infections, and limited treatment options likely contribute to 
the poor outcomes associated with mould infections.
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