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Introduction 

Invasive aspergillosis (IA) is a life threatening opportunistic infection that is usually 
caused by A. fumigatus [1,2]. It is the most common invasive fungal disease (IFD) in im-
munocompromised patients with an underlying hematological disease and is associ-
ated with a substantial increase in morbidity, mortality as well as health care costs [3-5]. 
Ever since voriconazole has been shown to be the superior treatment for this infection 
[6], it has become the cornerstone of IA therapy [7]. However, in 2002 azole resistance 
was reported for the first time in Dutch patients infected with A. fumigatus and its 
prevalence has continued to increase from that moment on [8,9]. The prompt diagnosis 
and appropriate treatment of an infection with an azole-resistant A. fumigatus is difficult 
[10,11]. A better insight into the different aspects of IA (diagnostics, outcome but also 
prevention) will facilitate its optimal management. In this thesis several studies on the 
epidemiology, prevention and diagnosis of IA are described with a particular focus on 
high-risk patients with an underlying hematological disease. The current chapter sum-
marizes and discusses the main findings in paragraph 2. Recommendations for future 
research are given in paragraph 3.

Main findings and discussion

Invasive aspergillosis and allogeneic hematopoietic stem cell transplantation

IA is a common IFD in recipients of allogeneic hematopoietic stem cell transplantation 
(alloHSCT) [1,12-22]. The reported incidences vary from 2.3% up to 15.0% and the mor-
tality is substantial in this particular patient group [12-18,20]. Primary prophylaxis with 
voriconazole or posaconazole significantly reduces the incidence of IA in alloHSCT re-
cipients and is recommended in those receiving corticosteroids and/or other therapies 
for graft-versus-host disease (GVHD) [7,23,24]. However, apart from GVHD, many other 
risk factors for post-transplant IA have been described, such as older age, neutropenia, 
non-related donor, reactivation of cytomegalovirus (CMV) and a history of pre-transplant 
IFD [12-16,19,20,22,25,26]. Moreover, IA is most frequently observed in the first year 
post-transplantation, but a substantial part of the recipients develops IA later [12,16,17]. 
Therefore, the best timing and duration of primary prophylaxis can be difficult to decide. 
Recognizing risk factors may help in selecting those patients that are at highest risk 
and therefore benefit most of primary prophylaxis. We conducted a retrospective study 
to determine the incidence, outcome and risk factors of IA in alloHSCT recipients. All 
patients who underwent their first alloHSCT in the Erasmus University Medical Center 
between 2004 and 2014, were included. IA was classified according to the European 
Organization for the treatment of Cancer/Mycoses Study Group (EORTC/MSG) criteria 
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[27]. In addition, patients with a positive microbiological criterium but with non-specific 
radiological findings were defined as having non-classifiable IA. These patients were 
included, as clinicians tend to treat them similar to patients with probable IA. 

A total of 663 patients received their alloHSCT in the indicated period. We found an 
incidence of proven, probable, non-classifiable IA of 13.0% within the 12-months post-
transplantation and 15.5% in the entire follow-up time. All-cause mortality was signifi-
cantly higher in patients with than without IA. An increase in the incidence of IA was ob-
served in 2012 and 2013. This may be explained by different reasons. First, a long-lasting 
demolition and renovation of a neighboring hospital building was initiated from 2011 
onwards at the site where all alloHSCT recipients were transplanted and followed after 
alloHSCT. Hospital constructions and demolitions have been associated with increased 
IA in patients with underlying hematological disease [28,29]. Second, azole resistance 
has emerged in the Netherlands over the past 15 years [9,11]. In our cohort, 6 recipients 
had developed probable or non-classifiable IA due to azole-resistant A. fumigatus. As 
fungal cultures often remain negative and because antifungal susceptibility testing was 
not a standard procedure in the first half of the observation period, the actual number 
of patients infected with azole-resistant A. fumigatus may have been higher. As primary 
prophylaxis with triazoles does not prevent azole-resistant IA, the emergence of azole 
resistance may have contributed to the increased incidence in IA as well.

To study the risk factors, we performed a nested case-control study within the to-
tal cohort. Ninety-nine patients with proven, probable and non-classifiable IA (cases) 
were compared to 198 patients without IA (controls). A backward logistic regression 
showed that the risk factors for developing IA were neutropenia, lymphocytopenia, 
pulmonary comorbidity, CMV reactivation, renal impairment and the use of systemic 
corticosteroids. Also, a higher dose of corticosteroids was associated with a higher risk 
of IA, suggesting a dose-effect relationship. Most of these risk factors were also found 
by others [13,16,22,25,26]. However, this study is the first to identify renal impairment as 
an independent risk factor for IA [12,21,25]. Remarkably, and in contrast to some other 
studies, pre-transplant IA and GVHD was eliminated among others in the logistic regres-
sion analysis [12-14,16,19,20,22,25]. Perhaps pre-transplant IA was not found to be risk 
factor, because patients with pre-transplant IA are often treated with secondary prophy-
laxis during alloHSCT. Also, selection bias may partially explain this finding because a 
subset of patients in need for an alloHSCT who develop IA may no longer be eligible for 
the transplantation. As for GVHD, patients with acute or chronic GVHD are almost always 
treated with systemic corticosteroids. Consequently, these variables are highly associ-
ated. In an additional univariate analysis, acute and chronic GVHD were analyzed as one 
variable and found to be a risk factor. However, any form of GVHD was eliminated when 
added to our current model, presumably because of the strong and dose dependent 
effect of corticosteroids. Our results do not reject the hypothesis that GVHD in se is a 
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risk factor, but with the current study design, it was not possible to disentangle to what 
extent the presence of GVHD and corticosteroid therapy are independent risk factors 
for IA.

In conclusion, 15.5% of the patients develops IA post-transplantation and these 
patients have a worse outcome than those patients without IA. Although the majority 
of the patients develop IA in the first-year post-transplantation, there is a continued risk 
on developing IA after the first year as well. The risk factors that we have identified for 
IA should help clinicians deciding to start or to discontinue antifungal prophylaxis in 
the appropriate patient at the correct time. In the Erasmus University Medical Center, 
primary prophylaxis was formerly prescribed to alloHSCT recipients with GVHD who 
were treated with second line anti-GVHD treatment. Based on the results of this study, 
primary prophylaxis was extended to all alloHSCT recipients who are treated with high-
dose corticosteroids. In the view of the increasing azole resistance, continued assess-
ment of IA in this patient group is needed to monitor the effect of primary prophylaxis 
with triazoles.

Inhalation of liposomal amphotericin-B to prevent invasive pulmonary 
aspergillosis

Chemotherapy-induced prolonged neutropenia can be complicated by invasive pulmo-
nary aspergillosis (IPA). In 2008, a randomized controlled trial (RCT) showed that lipo-
somal amphotericin-B (L-AmB) inhalation twice a week prevented IPA in patients with 
acute myeloid leukemia (AML) [30]. This resulted in a BI recommendation for the use of 
this intervention in European Conference on Infections in Leukaemia (ECIL) guidelines 
[31]. After the RCT, prophylaxis with L-AmB inhalation became the standard of care for 
patients with AML undergoing remission induction chemotherapy at Erasmus University 
Medical Center in 2009. Nonetheless, it is difficult to predict how interventions work in 
real-life outside the context of a RCT. In chapter 3, we describe a prospective population-
based study in which we establish the external validity of the RCT outcomes in a real-life 
AML patient population. In total, 127 consecutive AML patients prophylactically inhaled 
L-AmB during their 1st and 2nd remission induction chemotherapy; 108 patients treated 
for AML at the same sites from 2005 to 2008 served as controls. A significant decrease 
in probable and proven IPA was observed in the L-AmB inhalation group (L-AmB group 
9.5% vs control group 23.4%, p=0.0064). Systemic antifungal therapy given at any time 
during the entire AML therapy decreased from 52.8% to 29.9%. Apart from its efficacy, 
the use of L-AmB inhalation was also cost saving in regard to diagnostics and voricon-
azole therapy (minus 1816 euro/patient). These cost savings more than compensated 
for the costs related to L-AmB inhalation itself (1292 euro/patient). No L-AmB inhalation 
related serious adverse events were observed. 
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Apart from the current study and the randomized study by Rijnders et al., a third 
randomized controlled study on the use of amphotericin-B (AmB) inhalation for the pre-
vention of IPA in patients with an underlying hematological disease has been published 
[30,32]. Schwartz et al. evaluated the effectiveness of conventional AmB inhalations in 
382 patients who were neutropenic for at least 10 days after chemotherapy or autolo-
gous stem cell transplantation. No difference was found in the IPA incidence or mortality 
between the inhalation group and no inhalation group. This may be explained by the 
fact that conventional AmB was used. Conventional AmB can impair the function of the 
pulmonary surfactant in contrast to L-AmB that exhibits a surfactant-like function [33]. 
Moreover, another inhalation system was used in this study which could also affect the 
efficacy of the inhaled medication. 

L-AmB inhalation was already the standard of care in the Erasmus University Medical 
Center when the current study was initiated. Therefore, we compared patients inhaling 
L-AmB to historical control patients to evaluate the efficacy and cost-effectiveness in 
real-time. Considering that medicine evolves quickly, a time-related and diagnostic 
bias might occur when controls are not from the same calendar year as cases. However, 
no considerable changes occurred in the chemotherapeutic agents that were used 
for treating AML and the diagnostic procedures remained unchanged throughout the 
study. Hence, it is unlikely that a time-related or diagnostic bias has occurred.

In an unselected AML patient group, L-AmB inhalation resulted in a statistically 
significant and clinically relevant decrease in IPA that was also cost saving. With the cur-
rent study results available together with the clinical trial data from 2008, we think it is 
time to move forward and study the use of L-AmB inhalation in other patients at high 
risk for IPA, in particular in patients with serious GVHD. Moreover, it is time that L-AmB 
inhalation is used outside the Erasmus University Medical Center as this approach does 
not suffer from a decreased efficacy in the context of triazole resistance problem in the 
Netherlands. Preventing IA will avoid the need for expensive combination antifungal 
therapy for patients with IA. Indeed, as a result of the increasing prevalence of azole-
resistant A. fumigatus, combination therapy is now recommended in the SWAB guideline 
on invasieve fungal infections (2017) when triazole resistance cannot be excluded by 
culture or Cyp51A PCR testing [34].

Galactomannan antigen testing on cerebrospinal fluid 

Cerebral aspergillosis (CA) is a rare and often fatal fungal disease (IFD) [4,35]. The di-
agnosis is challenging as radiological findings are non-specific and cerebrospinal fluid 
(CSF) cultures are only positive in less than one-third of the cases [36,37]. Moreover, 
obtaining brain tissue for histopathological examination, the diagnostic gold standard, 
is frequently not feasible because of the risk of complications in patients with an under-
lying hematological disease who are often trombocytopenic. We postulated that testing 
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cerebrospinal fluid (CSF) for the presence of galactomannan (GM) may help in diagnos-
ing cerebral aspergillosis (CA) [27,36,38,39]. Although GM antigen detection is one of 
the microbiological criteria in the EORTC/MSG criteria, the test has never been validated 
properly [27]. In chapter 4, we described the findings on the diagnostic performance 
of CSF GM antigen. The CSF GM levels were compared at different cut-offs in patients 
with probable and proven CA to those without CA. The revised IA and CA definitions 
of the EORTC/MSG were used but excluding the to-be-validated-test (=CSF GM) as a 
microbiological EORTC/MSG criterion. The study population consisted of 44 patients (4 
proven CA, 13 probable CA and 27 no CA). When a cut-off of 0.5 to 2.0 was used, GM 
detection in CSF had a good diagnostic performance with a sensitivity, specificity, posi-
tive and negative predictive values were 88.2%, 96.3%, 93.8% and 92.9%, respectively.

To analyze the diagnostic performance of a diagnostic test, a gold standard needs 
to be chosen to allow for a comparison of the old and new diagnostic test. For GM anti-
gen testing on CSF, the gold standard would be a positive cerebral biopsy to definitely 
prove the presence of CA. However, cerebral biopsies are not often performed. Hence, 
we chose to exclude CSF GM from the EORTC/MSG criteria to allow for the evaluation 
of CSF GM testing. CA was diagnosed in two steps: first, we examined if patients had 
proven or probable IA outside the cerebrum. Subsequently, these patient with proven 
or probable IA were diagnosed with CA if they also had suspected cerebral lesions. This 
was deemed necessary because otherwise patients with an isolated serum GM ≥0.5 and 
a focal cerebral lesion (e.g. cerebral infarction) but without any other evidence of IA 
elsewhere would fit the probable CA definition. Using this approach, a good diagnostic 
performance was found with the GM cut-off of 0.5 to 2.0. 

The CSF GM antigen test is included in the revised EORTC/MSG [27]. However, so far 
only 2 studies have reported on GM antigen testing in CSF in a total of 10 patients with 
CA [38,39]. Viscoli et al. measured GM on CSF from 5 patients with proven and probable 
CA, and found a significantly higher GM level in patients with CA compared to patients 
without CA [39]. Similarly, Kami et al. found that the GM antigen test was positive in 4 of 
the 5 CSF of patients with proven CA and negative in all patients without CA [38]. Finally, 
Antinori et al. reviewed the literature on Aspergillus meningitis, which is not the same as 
CA, and found that CSF GM was performed in 15 of the 93 cases [36]. The median CSF GM 
was 6.58 with a range of 2.2 to 578. The sensitivity was 86.7%. 

Retrospective studies have the limitation that only those data that are readily avail-
able can be analyzed which may reduce the population size and study power. Unfortu-
nately, this was also a limitation in our current study. GM antigen had been tested on CSF 
of 157 patients admitted to the hematology, internal medicine and pediatric depart-
ments of 2 university hospitals in the period 2004 to 2014. Over half of the patients had 
to be excluded because not all data that were needed for the analysis were available. 
This resulted in a considerable reduction in size of the study population. Despite of that, 



128 Chapter 7

the current study population (n=44) was the largest study ever published on this topic 
and consisted of data over 10 years of 2 large academic hospitals. 

The results of our study on 44 patients show clearly that the first step in the diagnos-
tic approach to a patient in whom CA is considered, should be CSF GM antigen testing. 
If this test is positive, the diagnosis is almost certain and treatment should be initiated 
promptly. On the other hand, a negative CSF GM test makes the diagnosis of CA very 
unlikely.

Diagnosis of azole-resistant Aspergillus fumigatus

Over the past 15 years, azole resistance in A. fumigatus has emerged worldwide [10,11]. 
This is a worrisome development as small case series have reported a very high mor-
tality in IA caused by azole-resistant A. fumigatus [40,41]. Moreover, the diagnosis of 
azole-resistant A. fumigatus is challenging as (i) cultures become positive only in about 
one-quarter of the IA cases, and (ii) conventional microbiological testing for azole 
susceptibility is not widely available and is time consuming [42,43]. The lack of a fast 
and readily available susceptibility testing method in particular for patients in whom 
cultures remain negative hampers the prompt initiation of adequate therapy in patients 
infected with an azole-resistant A. fumigatus. A potential solution to this problem may 
be the use of an Aspergillus polymerase chain reaction (PCR) assay that can detect the 
presence of Aspergillus DNA and can identify the Aspergillus to the species level. In ad-
dition, the detection of Aspergillus DNA may allow for the detection of mutations that 
confer resistance to azoles. This method may also be used on patient samples of which 
fungal cultures remain negative. Such a PCR was investigated in chapter 5.1 and 5.2. 
We described the results of two studies on the AsperGenius® multiplex real-time PCR, a 
commercially available Aspergillus assay that detects several Aspergillus species as well 
as the two most common mutation combinations in A. fumigatus that are associated 
with azole resistance in the Netherlands. In a retrospective single-center study (chapter 
5.1), the optimal cycle threshold (Ct) and diagnostic value of the aforementioned as-
say was used on 77 stored BAL samples of patients with an underlying hematological 
disease or admitted to the intensive care unit (ICU). BAL samples that were GM (≥1.0) 
and/or culture positive were considered positive controls for the presence of Aspergillus. 
Negative controls were BAL samples with a negative GM in combination with negative 
culture. We found that the optimal Ct for the presence of Aspergillus was <36. Using this 
Ct value, we found a good diagnostic performance with an overall sensitivity, specificity, 
positive and negative predictive values (PPV, NPV) of 84.2%, 91.4%, 76.2% and 94.6%, 
respectively. Moreover, we also identified two patients with IA caused by A. fumigatus 
with TR34/L98H and TR46/T298A/Y121F mutation combinations and who both failed 
azole therapy. 
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Subsequently, a multicenter study was performed to confirm the optimal Ct value 
and diagnostic performance of the AsperGenius® assay in a larger population of patients 
with underlying hematological diseases (chapter 5.2). In this multicenter study, we were 
also able to evaluate if the molecular detection of the resistance associated mutations 
(RAM) correlated with azole treatment failure and mortality. In 201 BAL samples of pa-
tients with an underlying hematological disease, the receiver operator character (ROC) 
curve was analyzed according to two different methods to select the optimal Ct value. 
These two methods led to contradictory results as to the most appropriate Ct cut-off 
values (36 and 38, respectively). Given the important clinical consequences of a missed 
IA diagnosis, a higher sensitivity was preferred. Therefore, the later Ct value cut-off of 
38 was chosen over 36 that was reported in the previous study and was used for the 
subsequent analyses. Using the Ct cut-off of <38, a sensitivity, specificity, PPV and NPV of 
84.1%, 79.7%, 76.3% and 86.5% was found. This sensitivity was somewhat lower than the 
sensitivity of 89% that was found in the single center study at a Ct cut-off of <36 in the 
hematology group. This difference may be explained by the fact that a standard volume 
of 1 milliliter BAL was used in multicenter study versus 1-2 milliliter in the single center 
study. The lower volume may have decreased the sensitivity. Also, we observed some 
differences in the sensitivity between the five study centers, which may be explained by 
differences in the way the BAL is performed in each center. For example, protocols may 
differ concerning the volume used to perform the BAL, or a bronchoscopist may lavage 
two different parts of the lung but send it in one container to the laboratory which may 
result in a diluted DNA content if Aspergillus is present in only one part of the lung. Un-
fortunately, the way the BAL procedure was done in each patient was not registered. The 
differences between the study centers could not be explained by difference in methods 
or duration in BAL storage.

For the evaluation of the diagnostic performance of the AsperGenius® assay, BAL 
samples with a positive GM (≥1.0) and/or a positive Aspergillus culture of the BAL, spu-
tum or lung biopsy were considered positives. Negative controls were BAL samples with 
a negative BAL GM in combination with a negative culture. Consequently, BAL samples 
of patients with specific radiological findings and positive serum GM, but negative 
BAL GM, were categorized as negatives. This categorization was chosen in favor of the 
EORTC/MSG criteria to ensure that there was evidence of Aspergillus in the BAL samples 
themselves. However, the EORTC/MSG criteria are often used as criteria for the presence 
of IA in antifungal studies, and therefore two extra sensitivity analyses were performed 
using the EORTC/MSG criteria as the diagnostic criteria. Moreover, clinicians tend to 
treat patients with non-specific radiological findings and positive GM in the same way 
as proven and probable IA. Therefore, these patients were also included in the sensitivity 
analyses and described as having ‘non-classifiable IA’. Patients without IA were compared 
to i) patients with proven or probable IA and ii) patients with proven, probable or non-
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classifiable IA. When using a Ct value of <38 as the cut-off for positivity, the sensitivity 
was 88% and 83%, respectively. 

In the next step, we analyzed if the detection of RAMs predicted azole treatment 
failure and 6-week mortality. Patients infected with a RAM-positive A. fumigatus failed 
indeed significantly more often during azole treatment than those infected with a 
wildtype A. fumigatus (75% versus 27%; p-value = 0.01). Also, 6-week mortality was 2.7 
times higher in patients with RAMs (50.0% versus 18.6%; p-value = 0.07). Therefore, this 
study was the first to show that azole resistance detected by PCR is an important clinical 
finding. This observation led to the implementation of this resistance PCR as standard 
diagnostic test in clinical practice at the Erasmus University Medical Center. When a 
patient with an underlying hematological disease is suspected for IA and a BAL is per-
formed, the AsperGenius® assay is performed together with a culture and GM antigen 
level measurement in the BAL sample. 

When using the test, it should be noted that the assay detects the two most com-
mon mutation combinations TR34/L98H and TR46/T289A/Y121F that confer pan-azole 
resistance in the Netherlands [9]. However, the prevalence of these two mutation com-
binations varies per region [41,44-49]. Moreover, Cyp51A mutations and non-Cyp51A 
mutations have been described and are not detected by the assay [41,44,45,47-49]. 
Therefore, conventional Aspergillus cultures with antifungal susceptibility testing are 
still necessarily to detect phenotypic resistance caused by other mechanisms. The assay 
should therefore be used in addition to conventional Aspergillus cultures and not as 
replacement. Also, clinicians should realize that the documentation of wildtype Cyp51A 
with the Aspergenius® assay makes the presence of an infection with an azole-resistant 
Aspergilllus much less likely but does not exclude its presence with 100% certainty. 

The retrospective design of this study is a limitation. For the diagnosis of azole-resis-
tant A. fumigatus, antifungal testing is preferred to confirm its phenotypical resistance. 
Unfortunately, susceptibility testing was not done routinely in the past and therefore 
the results of the AsperGenius® assay could not be correlated with the phenotypical 
resistance in a subset of the patients. However, it would not have been possible to study 
the azole treatment failure and 6-week mortality in a prospective study as it would have 
been ethically unacceptable to test BAL samples in real-time without reporting the 
detected RAMs to the clinician. Hence, the current design made it possible to report on 
8 patients treated with azoles despite the fact that, in retrospect, they had been infected 
with RAM-positive and therefore azole resistant A. fumigatus.

To conclude, the Aspergenius® assay had a good diagnostic performance in BAL 
samples and detects azole resistance caused by the two most common Cyp51A mutation 
patterns, even in culture negative BAL samples. Morerover, we demonstrated that PCR-
based resistance testing predicts azole treatment failure. Early detection of PCR-based 
resistance can lead to a prompt adaptation of the antifungal regimen and hopefully con-
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tributing to a more favorable outcome of azole resistant A. fumigatus in future patients 
Therefore, this test should be implemented as the standard diagnostic test in countries 
were the prevalence of azole resistance is 5% and certainly when it exceeds 10%. In 
2016, 12.9% of the A. fumigatus stains cultured from patients in the Netherlands were 
azole resistant [9]. Therefore, antifungal therapy should be guided by resistance testing 
just like this is the standard procedure in all Dutch hospitals for bacterial infections and 
antibiotic therapy. PCR-based resistant testing should be performed simultaneously 
next to the fungal culture in all centers that treat hematology patients at high risk for IA. 

Azole-resistant Aspergillus fumigatus sibling species

The AsperGenius® assay detects several Aspergillus species and the A. fumigatus Cyp51A 
mutations TR34, L98H, T289A and Y121F that are associated with azole resistance 
[11,41,50]. In chapter 6, we evaluated its contribution in identifying A. lentulus and A. fe-
lis, two rare but intrinsically azole-resistant sibling species within the Aspergillus section 
Fumigati [51-53]. Identification of these species with conventional culture techniques 
is difficult and time-consuming. The assay was tested on (i) two A. lentulus and A. felis 
strains obtained from biopsy proven invasive aspergillosis and (ii) control A. fumigatus 
(n=3), A. lentulus (n=6) and A. felis species complex (n=12) strains. The PCR melting curve 
analysis for L98H and Y121F markers differed and those of the Y121F marker were par-
ticularly suitable to discriminate the three species. 

A. fumigatus has up to 63 sibling species in its family, of which 17 have been de-
scribed to cause disease in humans [54]. Some of these sibling species, also called cryptic 
species, are intrinsically azole resistant and are difficult to distinguish from A. fumigatus 
sensu stricto by culture [51-53,55-58]. The AsperGenius® assay was investigated on A. 
lentulus and one A. felis strain that were cultured from patients with biopsy proven IA. 
We showed that it is possible to distinguish A. fumigatus, A. lentulus and A. felis from each 
other by using melting analysis of the PCR assay. This is important to avoid a major error 
in which the test would recognize the azole-resistant species as being azole sensitive. 
However, as sibling species are very rare, we were not able to investigate if the assay 
could also distinguish other sibling species.  

In conclusion, the assay can be used to rapidly discriminate A. fumigatus from A. len-
tulus and A. felis, which is important as the latter two Aspergillus species are intrinsically 
resistant for triazoles. 



132 Chapter 7

Future directions

The studies in this thesis have contributed to new insights into invasive aspergillosis in 
patients with an underlying hematological disease. This chapter will elaborate on some 
of the opportunities for future research based on these new insights. 

Over the past decade, azole resistance has emerged and its prevalence continues 
to rise in the Netherlands [9]. Azoles are the first choice treatment for patients with an 
IA because their use is clearly associated with a reduction in mortality [6,7]. However, 
in regions where azole resistance is higher than 10%, therapy that includes L-AmB or 
an echinocandin have been recommended [11,59]. The updated SWAB guideline on 
the management of invasieve fungal infections has now a chapter on azole-resistant 
A. fumigatus and recommends to start with combination therapy that includes an azole 
plus a second antifungal drug (L-AmB or an echinocandin) in critically ill patients sus-
pected of having IA. In less ill patients, azole monotherapy can still be given provided 
that the documentation of azole susceptibility or resistance is pursued by performing 
BAL sampling for culture and resistance PCR testing [34].

It has been shown that azole-resistant A. fumigatus with TR34/L98H and TR46/T289A/
Y121F originate from the environment [60]. Conidia of azole-resistant A. fumigatus are 
inhaled together with the conidia of azole sensitive A. fumigatus, and subsequently both 
can cause IA simultaneously in a single patient. Prophylaxis with azoles may therefore 
lead to outgrowth of the azole-resistant A. fumigatus in a high-risk patient. Whether the 
rising prevalence of azole resistance should change antifungal prophylaxis strategies 
is currently uncertain, but it seems obvious that the efficacy of azole prophylaxis will 
decrease in the context of an increasing prevalence of azole resistance in A. fumigatus 
in the environment. We showed that prophylaxis with L-AmB inhalation is effective in 
preventing IA in AML patients undergoing remission induction therapy (chapter 3). It 
is inhaled two times a week and is a good alternative for azole prophylaxis for patients 
who are hospitalized or for those who visit the outpatient clinic twice a week or more. 
However, L-AmB inhalation is not registered for the use as prophylaxis and the imple-
mentation is logistically somewhat challenging. However, this should in no way with-
hold hematology units from implementing L-AmB inhalation in the Dutch landscape of 
an ever increasing prevalence of azole resistance given the dramatic consequences of an 
infection with an azole-resistant A. fumigatus for the individual patient. As far as we know 
the Erasmus University Medical Center is still the only center in the Netherlands in which 
this strategy has become the standard of care prophylactic regime for patients with AML 
undergoing remission induction therapy. Now that it has been clearly demonstrated 
that L-AmB inhalation effectively protects neutropenic AML patients from developing 
IA,  further research should focus on other high-risk patients such as recipients of an 
alloHSCT.
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The AsperGenius® assay was shown to be of value in the diagnosis of IA caused by 
azole resistant A. fumigatus (chapter 5). There are still questions regarding the diag-
nostic performance of the assay. In the single-center and multicenter study, all the BAL 
samples were tested in a single laboratory. It would be of interest to see how the assay 
would perform in different laboratories. In the multicenter study, we showed that the 
detection of RAMs is associated with azole treatment failure. The question that now 
needs to be answered urgently is if the early detection of RAMs and the immediate 
switch to non-azole therapy will be able to improve the very high mortality observed 
in patients infected with an azole-resistant A. fumigatus. Ideally, this question should 
be investigated in a prospective multicenter study. Also, in a prospective study, suscep-
tibility testing could be performed and correlated with the results of the AsperGenius® 
assay. Such a prospective multicenter study was designed in 2016 and started in 2017, 
and was called the AzoRMan study, AZOle Resistance MANagement study (NCT number 
NCT03121235) [61]. In this study, a standard diagnostic and therapeutic protocol for IA 
is used in patients with an underlying hematological disease who present with new pul-
monary infiltrate suspicious for IA (figure 1). This protocol is comparable to the current 
approach that was already used in the Erasmus Medical University Center. The primary 
objectives of this study are:
1.	 To improve the outcome of patients infected with azole-resistant A. fumigatus by 

early detection of RAMs and with this, earlier initiation of the most appropriate 
therapy;

2.	 To monitor the prevalence of IA due to A. fumigatus strains carrying the TR34/L98H 
or TR46/T289A/Y121F RAMs in the Netherlands, in particular in culture negative 
patients.

All 8 university hospitals in the Netherlands have agreed to participate, and 60 of the 
280 patients were included as of March 2018.

To date, the AsperGenius® assay has been studied on Aspergillus cultures, BAL 
samples, serum and plasma. The assay had a sensitivity and specificity of 79% and 100% 
in serum, and 80% and 77.8% in plasma, respectively for the detection of Aspergillus 
[62,63].  However, successful amplification of the RAMs in serum was achieved only in 
50% of the proven and probable cases [62]. Therefore, future studies are needed with 
the aim of improving the sensitivity of the resistance PCR. In 2017, the ARPOS study 
(Azole Resistance PCR Prospective Optimisation-study) was designed and will study the 
diagnostic performance of Aspergillus PCRs on serum or plasma of immunocompro-
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mised patients with an underlying hematological disease. The primary objectives of this 
study are:
1.	 To determine the best serum or plasma volume to generate the best diagnostic 

performance;
2.	 To determine whether serum or plasma is the best medium of Aspergillus DNA ex-

traction;
3.	 To compare different available Aspergillus species PCRs and to determine which PCR 

is most suitable to be used in a future large prospective clinical study that will evalu-
ate the use of serum or plasma Aspergillus PCR for the early diagnosis of IA;

Figure 1. Diagnostic and therapeutic protocol used in the AzoRMan study.
A minimum inhibitory concentration of >2 in culture susceptibility testing means that the A. fumigatus 
is voriconazole resistant according to the method of the Clinical Laboratory Standards Institute. TR34/TR46 
means that a resistant associated mutation (RAM) is detected via the AsperGenius® PCR and the Aspergillus 
isolate is considered as resistant. PCR and culture negatieve means that the AsperGenius® PCR and culture 
was not successful, and therefore no conclusions can be drawn about the absence or presence of azole 
resistance. Galactomannan <0.7 is considered negative for BAL fluid samples. * Posaconazole should not 
be considered an option if the posaconazole MIC is >1 mg/L. This flowchart was taken from the protocol of 
the AzoRMan study.
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4.	 To determine what the percentage is of conclusive resistance PCR results that show 
the presence or absence of of the TR34/L98H and TR46/Y121F/T289A mutation com-
binations when the PCR is performed on serum/plasma of patients with probable or 
proven IA (based on the result obtained from PCR testing on BAL fluid).

The study will start recruiting patients in the Erasmus University Medical Center and 2 
Belgian hospitals in 2018.

Final remarks

The studies described in this thesis resulted in valuable new insights into the epidemiol-
ogy, prevention and diagnostics of IA in high-risk patients with an underlying hemato-
logical disease. Several risk factors were found for developing IA in alloHSCT recipients. 
Prophylactic L-AmB inhalation was shown to decrease IPA in patients with AML and was 
also cost-effective. The added value of GM antigen testing on CSF was shown when the 
diagnosis of CA is to be confirmed. The AsperGenius® assay was proven to have a good 
diagnostic performance for the detection of IA in BAL samples and predicted azole treat-
ment failure when PCR-based resistance was detected. Finally, this assay was also able 
to discriminate A. fumigatus from two intrinsically azole-resistant sibling species and 
therefore avoiding a major error.
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