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ABSTRACT The literature regarding COVID-19-associated pulmonary aspergillosis (CAPA)
has shown conflicting observations, including survival of CAPA patients not receiving anti-
fungal therapy and discrepancy between CAPA diagnosis and autopsy findings. To gain
insight into the pathophysiology of CAPA, we performed a case-control study in which
we compared Aspergillus test profiles in CAPA patients and controls in relation to intensive
care unit (ICU) mortality. This was a multinational case-control study in which Aspergillus
test results, use of antifungal therapy, and mortality were collected from critically ill
COVID-19 patients. Patients were classified using the 2020 European Confederation for
Medical Mycology and the International Society for Human and Animal Mycology (ECMM/
ISHAM) consensus case definitions. We analyzed 219 critically ill COVID-19 cases, including 1
proven, 38 probable, 19 possible CAPA cases, 21 Aspergillus-colonized patients, 7 patients
only positive for serum (1,3)-b-D-glucan (BDG), and 133 cases with no evidence of CAPA.
Mortality was 53.8% in CAPA patients compared to 24.1% in patients without CAPA
(P = 0.001). Positive serum galactomannan (GM) and BDG were associated with increased
mortality compared to serum biomarker-negative CAPA patients (87.5% versus 41.7%,
P = 0.046; 90.0% versus 42.1%, P = 0.029, respectively). For each point increase in GM or
10-point BDG serum concentration, the odds of death increased (GM, odds ratio [OR]
10.208, 95% confidence interval [CI], 1.621 to 64.291, P = 0.013; BDG, OR, 1.247, 95% CI,
1.029 to 1.511, P = 0.024). CAPA is a complex disease, probably involving a continuum of
respiratory colonization, tissue invasion, and angioinvasion. Serum biomarkers are useful
for staging CAPA disease progression and, if positive, indicate angioinvasion and a high
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probability of mortality. There is need for a biomarker that distinguishes between respiratory
tract colonization and tissue-invasive CAPA disease.

KEYWORDS COVID-19, critically ill, invasive pulmonary aspergillosis, mortality,
mycology

Over the past decade, high frequencies of invasive pulmonary aspergillosis (IPA) have
been reported in critically ill influenza patients, with a mortality rate exceeding 50% (1, 2).

Over the past year, numerous cohort studies have reported IPA secondary to another viral
pneumonia, coronavirus disease 2019 (COVID-19), with frequencies ranging between 3% to
33% in critically ill patients (3–7). These studies have used various COVID-19-associated pulmo-
nary aspergillosis (CAPA) case definitions, which complicates interstudy comparisons. Recently,
the European Confederation for Medical Mycology and the International Society for Human
and Animal Mycology (ECMM/ISHAM) published a consensus case definition which aims to
standardize clinical studies and case registries (8).

The literature regarding CAPA has been confusing due to conflicting observations,
including difficulty in diagnosing CAPA (9) due to low sensitivity of serum biomarkers
and the reluctance to perform bronchoscopy and bronchoalveolar lavage (BAL) during
the first wave (10). Consequently, other respiratory specimens and procedures have
been used to diagnose CAPA, including nonbronchoscopic lavage (NBL) and bronchial
aspirate (BA) (11). However, it remains unclear if detection of Aspergillus in these specimens
corresponds with IPA or reflects upper respiratory tract colonization. Although several stud-
ies show higher mortality in patients with CAPA than critically ill COVID-19 patients without
CAPA (3, 4), there are numerous CAPA cases reported that survived without receiving anti-
fungal therapy (4, 5, 12). Furthermore, autopsy studies have failed to document IPA in
patients who were classified as probable CAPA (11).

To gain more insight into the pathophysiology of CAPA, we performed a case-control
study in which we collected data on various Aspergillus tests and fungal biomarkers, anti-
fungal therapy, and intensive care unit (ICU) mortality and compared the Aspergillus test
profiles in CAPA patients and controls in relation to ICU mortality. As ICU mortality may
not have been attributable to CAPA, we also analyzed the effect of antifungal therapy on
patient outcome.

MATERIALS ANDMETHODS
Study design. A prospective multinational observational case-control study was performed involv-

ing six centers, Amsterdam UMC (Amsterdam, the Netherlands), Amphia Hospital (Breda, the
Netherlands), Radboud University Medical Centre (Nijmegen, the Netherlands), University Hospitals
Leuven (Leuven, Belgium), Hôpital Saint-Louis (Paris, France), and University Hospital of Wales (Cardiff,
United Kingdom), the latter providing screening for seven regional critical care units across Wales.
Centers were invited to submit cases suspected of CAPA in whom respiratory specimens were positive for
Aspergillus culture, GM, or Aspergillus PCR test or in whom serum was positive for GM or Aspergillus PCR, and
controls in whom no evidence of CAPA was found. CAPA was classified according to the ECMM/ISHAM 2020
consensus case definitions (8), and colonization of the airway was considered when Aspergillus culture was
only positive in upper respiratory tract specimens (e.g., sputum or BA). This case-control study had been
reviewed and approved by the Research Ethics Committee of the Radboud University Medical Center and con-
formed to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines for
reporting of case-control studies (Table S3 in the supplemental material).

Participants. Patients with severe COVID-19 were included as cases if they were $18 years, admitted to
the ICU, and diagnosed with proven/probable CAPA. Controls with severe COVID-19 were included if they
were $18 years, admitted to the ICU, and where no evidence for CAPA was found. For each proven/probable
CAPA case, three to four critically ill COVID-19 controls consecutively admitted to the ICU were included, in
whom there was no evidence for CAPA. Patients classified as possible CAPA, colonized with Aspergillus, and
patients only positive for serum BDG were excluded from primary analysis and analyzed as separate groups.

Diagnostic material and tests. BAL fluid was obtained by bronchoscopy when there was a suspi-
cion of pulmonary aspergillosis; when bronchoscopy was not feasible, NBL enabled sampling of the
lower respiratory tract but without visualization of the airways. BA was obtained by suction of respira-
tory material from the upper respiratory tract, while sputum was respiratory material coughed up by the
patient. BA and sputum did not contribute to CAPA classification and were used as a screening tool or
to follow up on antifungal therapy effect.

Diagnostic tests involved microscopy and culture of respiratory samples, GM, and Aspergillus PCR and se-
rum GM, Aspergillus PCR, and (1,3)-b-D-glucan (BDG). These tests were performed at the participating institutes
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when available; otherwise, these tests were performed in one of the other participating centers. Cultured
Aspergillus species were identified using colony morphology, microscopic morphology, and ability to grow at
48°C. GM was detected using Platelia Aspergillus (Bio-Rad) using a GM index of .0.5 as cutoff for serum and
$1.0 for BAL fluid. Serum BDG was detected using the Fungitell assay (Associates of Cape Cod) with 80 pg/ml
as cutoff for positivity. Aspergillus DNA was detected by PCR using the commercial AsperGenius test
(Pathofinder) or an in-house PCR following international methodological recommendations (13, 14). All tests
were performed following the manufacturer’s instructions, including appropriate quality controls.

In addition to diagnostic test information, the administration of antifungal therapy and the ICU mor-
tality was collected using the Castor database. The analysis focused on the relationship between CAPA
classification and mortality and Aspergillus test profiles and mortality. In addition, the effect of antifungal
therapy on mortality was investigated.

Statistical analysis. Continuous variables are shown as median (interquartile range [IQR]) and cate-
gorical variables as counts and percentages. Student's t test and Mann-Whitney U test, as appropriate,
and Fisher’s exact test were used to compare differences in baseline characteristics and clinical outcomes. To
evaluate and compare the 30-day ICU mortality, univariable binary logistic regression was used. Baseline char-
acteristics found to be significant in the univariable binary logistic regression analysis were tested in multivari-
able binary logistic regression analysis, with Aspergillus diagnostic test outcomes alternatively included to
assess their effect on mortality. Estimated 30-day ICU mortality was expressed graphically using the Kaplan-
Meier method for illustrational purposes; the statistical difference between groups was assessed by the log-
rank test. All statistical analyses were performed using SPSS software version 26 (IBM, Chicago, IL, USA) and
supervised by a biostatistician. P values of,0.05 were considered statistically significant.

RESULTS
CAPA classification and ICU mortality. Between 8 February 2020 and 22 May 2020,

219 critically ill COVID-19 patients admitted to the ICU were included from the first COVID-
19 wave (Fig. S1 in the supplemental material). Classification of these patients resulted in 1
proven CAPA case, 38 (17.4%) probable cases, and 19 (8.7%) possible cases. Twenty-one
Aspergillus-positive (9.6%) patients did not fulfill the CAPA case definition criteria and were
considered colonized with Aspergillus. One probable CAPA patient was diagnosed with tra-
cheobronchitis. In 133 (60.7%) patients, there was no evidence for CAPA, while 7 (3.2%)
patients were serum BDG positive without any other indication for CAPA. A comparison of
baseline characteristics and clinical outcomes is shown in Table 1, and an overview of sam-
ples obtained and diagnostic tests performed is given in Table 2. An overview of Aspergillus
test profiles is shown in Table 3.

The 30-day ICU mortality in proven/probable CAPA cases compared to controls
without any evidence of CAPA was higher (53.8% versus 24.1%, P = 0.001) and remained
higher after adding Aspergillus-colonized patients or only serum BDG-positive patients to the
control group (53.8% versus 24.8%, P = 0.001). Similarly, the 30-day ICU mortality remained
higher when possible CAPA patients were included in the CAPA group (50.0% versus 24.1%,
P = 0.001) and after adding Aspergillus-colonized patients or serum BDG-positive patients to
the control group (50.0% versus 24.8%, P = 0.001). Kaplan-Meier analysis (Fig. 1) showed that
the estimated 30-day ICU mortality was highest in patients with proven/probable CAPA
(53.8%), followed by patients with possible CAPA (42.1%), Aspergillus-colonized patients, or
those only positive for serum BDG (28.6%), and lowest in patients without evidence for
CAPA (24.1%). A univariable comparison of the 30-day ICU mortality rates and odds ratios
for the various patient baseline characteristics and Aspergillus diagnostic test outcomes are
shown in Table 4. Patient age and hematological malignancies as underlying conditions
were statistically significant baseline characteristics for 30-day ICUmortality and were therefore
used in multivariable logistic regression analysis comparing subgroups of proven/probable
CAPA cases.

BAL fluid GM and ICU mortality. As GM levels are associated with Aspergillus tissue
burden, we investigated the association between BAL fluid GM concentration and ICU mor-
tality. The 30-day ICU mortality in proven/probable CAPA cases with positive BAL fluid GM
(GM index $ 1.0) was similar to that of proven/probable CAPA cases without positive BAL
fluid GM (45.5% versus 50.0%; odds ratio [OR], 0.833; 95% confidence interval [CI], 0.187 to
3.723; P = 0.811) and remained nonsignificant after adjusting for age and hematological
malignancies (adjusted OR, 0.602; 95% CI, 0.095 to 3.812; P = 0.590). Analyzing the initial BAL
fluid GM concentration measured, for each point increase in BAL fluid GM concentration,
the odds of death within 30 days of ICU admission did not increase (OR, 1.128; 95% CI, 0.833
to 1.529; P = 0.437) and remained nonsignificant after adjusting for age and hematological
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malignancies (adjusted OR, 1.035; 95% CI, 0.748 to 1.433; P = 0.833). Similarly, analyzing the
highest BAL fluid GM concentration measured, for each point increase in BAL fluid GM con-
centration, the odds of death within 30 days of ICU admission did not increase (OR, 1.097;
95% CI 0.820 to 1.470; P = 0.532) (Fig. 2) and remained nonsignificant after adjusting for age
and hematological malignancies (adjusted OR, 1.003; 95% CI, 0.732 to 1.374; P = 0.987).

TABLE 2 Overview of Aspergillus tests performed and test results

Test

No. (%) of
patients tested
(n = 219)

No. (%) of
CAPA cases
tested (n = 39)

No. (%) of
controls tested
(n = 133)

Median (IQR)
no. of
samples

No. (%) of
positive
patients

No. (%) of
negative
patients

BAL Aspergillus culture 77 (35) 32 (82) 37 (28) 1 (1–1) 17 (22) 63 (82)
BAL GM index$ 1.0 71 (32) 32 (82) 31 (23) 1 (1–1) 22 (31) 53 (75)
BAL Aspergillus PCR 44 (20) 15 (38) 28 (21) 1 (1–1) 7 (16) 38 (86)
NBL Aspergillus culture 42 (19) 7 (18) 13 (10) 2 (1–3) 20 (48) 33 (79)
NBL GM index$ 4.5 39 (18) 6 (15) 12 (9) 1 (1–2) 17 (44) 31 (79)
NBL Aspergillus PCR 26 (12) 4 (10) 9 (7) 1 (0–2) 16 (62) 14 (54)
BA Aspergillus culture 95 (43) 6 (15) 70 (53) 4 (2–6) 21 (22) 84 (88)
Sputum Aspergillus culture 72 (33) 2 (5) 53 (40) 1 (1–2) 13 (18) 63 (88)
serum GM index. 0.5 188 (86) 32 (82) 113 (85) 1 (1–4) 8 (4) 181 (96)
Serum BDG$ 80 pg/ml 146 (67) 29 (74) 77 (58) 1 (1–2) 28 (19) 124 (85)
Serum Aspergillus PCR 48 (22) 16 (41) 20 (15) 1 (1–1) 6 (15) 44 (92)

TABLE 1 Overview of patient baseline characteristics and clinical outcomes

Characteristic

Data for patients with:

Proven/probable
CAPA (n = 39)

No evidence of
CAPA (n = 133)

Possible
CAPA (n = 19)

Aspergillus colonized/only
serum BDG positive (n = 28) P valuea,c

Baseline characteristics
Age (median [IQR] [yrs]) 65 (58–75) 60 (52–69) 68 (58–73) 66 (58–71) 0.003
Male (no. [%]) 28 (71.8) 98 (73.7) 13 (68.4) 19 (67.9) 0.838
Hematological malignancy (no. [%]) 1 (2.6) 8 (6.0) 0 1 (3.6) 0.686
Solid organ malignancy (no. [%]) 4 (10.3) 8 (6.0) 0 4 14.3) 0.472
Stem cell transplant (no. [%]) 1 (2.6) 2 (1.5) 0 0 0.540
Solid organ transplant (no. [%]) 1 (2.6) 2 (1.5) 0 0 0.540
Pulmonary disease (no. [%]) 9 (23.1) 21 (15.8) 6 (31.6) 9 (32.1) 0.338
Cardiovascular disease (no. [%]) 16 (41.0) 53 (39.8) 7 (36.8) 11 (39.3) 0.999
Diabetes mellitus (no. [%]) 10 (25.6) 31 (23.3) 7 (36.8) 3 (10.7) 0.831
Chronic kidney disease (no. [%]) 1 (2.6) 3 (2.3) 0 2 (7.1) 0.999
Autoimmune disease (no. [%]) 2 (5.1) 6 (4.5) 2 (10.5) 2 (7.1) 0.999
EORTC/MSGERCd host factors (no. [%]) 5 (12.8) 11 (8.3) 1 (5.3) 4 (14.3) 0.364
COVID-19 treatment (treated) (no. [%]) 26 (66.7) 80 (60.2) 12 (63.2) 20 (71.4) 0.575
Hydroxychloroquine 21 (53.8) 74 (55.6) 8 (42.1) 16 (57.1) 0.857
Remdesivir 1 (2.6) 15 (11.3) 0 2 (7.1) 0.124
Lopinavir/ritonavir 7 (17.9) 3 (2.3) 1 (5.3) 3 (10.7) 0.001
Anakinra 2 (5.1) 17 (12.8) 0 1 (3.6) 0.250
Azithromycin 8 (20.5) 7 (5.3) 0 2 (7.1) 0.007
Corticosteroids 10 (25.6) 12 (9.0) 9 (47.4) 6 (21.4) 0.012

Clinical outcomes
Antifungal treatment (treated) (no. [%]) 28 (71.8) 16 (12.0) 33 (70.2) 77 (35.2)b 0.000
Voriconazole 6 (21.4) 5 (31.3) 13 (39.4) 24 (31.2) 0.492
Caspofungin 1 (3.6) 5 (31.3) 1 (3.0) 7 (9.1) 0.018
Amphotericin B 3 (10.7) 1 (6.3) 6 (14.0) 10 (13.0) 0.638
Voriconazole and anidulafungin 17 (60.7) 5 (31.3) 11 (33.3) 33 (42.9) 0.116
Voriconazole and caspofungin 0 0 1 (3.0) 1 (1.3) NA
Voriconazole and amphotericin B 1 (3.6) 0 0 1 (1.3) 0.999

Time to diagnose CAPA (median [IQR] [days]) 7 (4–15) NA 5 (2–15) NA NA
Length of stay in ICU (median [IQR] [days]) 18 (13–30) 21 (13–31) 24 (13–42) 21 (13–34) 0.391

aP value was calculated comparing proven/probable CAPA cases with controls where no evidence of CAPA was found and was considered significant when the P value was
,0.05.

bFor one patient only positive for serum BDG, it was unknown which antifungal treatment was given.
cBoldface type in the last column indicates statistical significance.
dEORTC/MSGERC, European Organization for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium.
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Serum fungal biomarkers and ICU mortality. As a positive serum biomarker may
indicate more advanced Aspergillus infection, we compared the mortality in patients
with proven or probable CAPA, with and without positive serum biomarker. The 30-
day ICU mortality in proven/probable CAPA cases with any positive serum biomarker

FIG 1 Kaplan-Meier survival curve and table of number at risk per CAPA classification. Comparing
proven/probable CAPA cases with controls where no evidence of CAPA was found was significant
(P = 0.000) and nonsignificant in all other comparisons. BDG, (1,3)-b-D-glucan; CAPA, COVID-19-associated
pulmonary aspergillosis.

TABLE 4 Group comparisons and univariable logistic regression analysis for 30-day ICU mortality in proven/probable CAPA cases and controls
where no evidence of CAPA was found

Characteristic Group comparison (n = 172) OR (95% CI) P valuea,b

Baseline characteristics
Age (yrs) 1.054 (1.021–1.089) 0.001
Gender (male vs female) (no. [%]) 39 (31.0) vs 14 (30.4) 1.025 (0.492–2.132) 0.948
Hematological malignancy (yes vs no) (no. [%]) 6 (66.7) vs 47 (28.8) 4.936 (1.185–20.560) 0.028
Solid organ malignancy (yes vs no) (no. [%]) 2 (16.7) vs 51 (31.9) 0.427 (0.090–2.022) 0.284
Stem cell transplant (yes vs no) (no. [%]) 3 (100) vs 50 (29.6) 0.999
Solid organ transplant (yes vs no) (no. [%]) 1 (33.3) vs 52 (30.8) 1.125 (0.100–12.684) 0.924
Pulmonary disease (yes vs no) (no. [%]) 9 (30.0) vs 44 (31.0) 0.955 (0.405–2.251) 0.915
Cardiovascular disease (yes vs no) (no. [%]) 22 (31.9) vs 31 (30.1) 1.087 (0.563–2.100) 0.804
Diabetes mellitus (yes vs no) (no. [%]) 15 (36.6) vs 38 (29.0) 1.412 (0.674–2.957) 0.360
Chronic kidney disease (yes vs no) (no. [%]) 3 (75.0) vs 50 (29.8) 7.080 (0.719–69.720) 0.093
Autoimmune disease (yes vs no) (no. [%]) 2 (25.0) vs 51 (31.1) 0.739 (0.144–3.785) 0.716
EORTC/MSGERC host factors (yes vs no) (no. [%]) 9 (47.4) vs 44 (28.8) 2.230 (0.848–5.859) 0.104
COVID-19 treatment (treated vs not treated) (no. [%]) 29 (27.1) vs 24 (36.9) 0.635 (0.328–1.229) 0.178
Hydroxychloroquine 25 (26.3) vs 28 (36.4) 0.625 (0.326–1.199) 0.157
Remdesivir 3 (18.8) vs 50 (32.1) 0.489 (0.133–1.794) 0.281
Lopinavir and ritonavir 5 (50.0) vs 48 (29.6) 2.375 (0.657–8.582) 0.187
Anakinra 3 (15.8) vs 50 (32.7) 0.386 (0.108–1.387) 0.145
Azithromycin 5 (33.3) vs 48 (30.6) 1.135 (0.368–3.501) 0.825
Corticosteroids 7 (31.8) vs 46 (30.7) 1.055 (0.403–2.761) 0.913

Medical center (site) 0.855 (0.713–1.027) 0.093

Diagnostic test outcomes
BAL Aspergillus culture (positive vs negative) (no. [%]) 9 (52.9) vs 16 (30.8) 2.531 (0.826–7.756) 0.104
BAL GM index$ 1.0 (positive vs negative) (no. [%]) 10 (45.5) vs 15 (36.6) 1.444 (0.504–4.139) 0.494
BAL Aspergillus PCR (positive vs negative) (no. [%]) 4 (57.1)/11 (30.6) 3.030 (0.578–15.880) 0.190
Serum GM index. 0.5 (positive vs negative) (no. [%]) 7 (87.5) vs 38 (27.7) 18.237 (2.171–153.217) 0.008
Serum BDG$ 80 pg/ml (positive vs negative) (no. [%]) 9 (90.0) vs 29 (30.2) 20.793 (2.517–171.750) 0.005
Serum Aspergillus PCR (positive vs negative) (no. [%]) 4 (80.0) vs 12 (38.7) 6.333 (0.630–63.639) 0.117

CAPA diagnosis
CAPA (case vs control) (no. [%]) 21 (53.8) vs 32 (24.1) 3.682 (1.749–7.753) 0.001
Antifungal treatment (treated vs not treated) (no. [%]) 25 (56.8) vs 28 (21.9) 4.699 (2.267–9.742) 0.000

aP value was calculated using univariable binary logistic regression analysis.
bBoldface type in the last column indicates statistical significance.
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compared to proven/probable CAPA cases without any positive serum biomarker was
significantly higher (83.3% versus 35.0%; P = 0.014), remaining higher for all individual
serum biomarkers, with the exception of serum Aspergillus PCR (serum GM, 87.5% ver-
sus 41.7%, OR, 9.800, 95% CI, 1.036 to 92.696, P = 0.046; serum BDG, 90.0% versus
42.1%, OR, 12.375, 95% CI, 1.294 to 118.331, P = 0.029; and serum Aspergillus PCR, 80.0% ver-
sus 63.6%, OR, 2.286, 95% CI, 0.185 to 28.186, P = 0.600). After adjusting for age and hemato-
logical malignancies, similar results were measured (serum GM, adjusted OR, 11.768, 95% CI,
1.060 to 130.631, P = 0.045; serum BDG, adjusted OR, 16.259, 95% CI, 1.339 to 197.415,
P = 0.029; and serum Aspergillus, PCR-adjusted OR, 2.593, 95% CI, 0.168 to 39.991; P = 0.495).
The univariable difference for serum BDG remained significant using cutoff values of 60 pg/
ml and 100 pg/ml, as all proven/probable CAPA cases positive for serum BDG had a BDG
value of $100 pg/ml, and all proven/probable CAPA cases negative for serum BDG had a
BDG value of,60 pg/ml. Positive serum BDG was not only observed among proven/proba-
ble CAPA cases but also in other patient categories, including seven possible CAPA patients,
four Aspergillus-colonized patients, and seven patients where no other evidence for CAPA
was found (Table 3).

Of eight serum GM-positive patients, only one survived. This patient had a single
positive serum GM but negative BAL fluid GM and culture, negative BA culture, and negative
subsequent serum GM tests. Although this patient was classified as probable CAPA, it is
likely that the serum GMwas falsely positive.

Analyzing the highest serum GM and BDG concentration measured, for each point
increase in serum GM concentration, the odds of death within 30 days of ICU admission
increased (OR, 10.208; 95% CI, 1.621 to 64.291; P = 0.013) (Fig. 2), and for each 10-point
increase in serum BDG concentration, the odds of death within 30 days of ICU admission
increased (OR, 1.247; 95% CI, 1.029 to 1.511; P = 0.024) (Fig. 2). After adjusting for age and
hematological malignancies, the odds of death within 30 days of ICU admission remained

FIG 2 Predicted probability of 30-day mortality for initial BAL GM concentration measured (top left), highest BAL GM concentration
measured (top right), highest serum GM concentration measured (bottom left), and highest serum BDG concentration measured
(bottom right). BAL, bronchoalveolar lavage; BDG, (1,3)-b-D-glucan; CAPA, COVID-19-associated pulmonary aspergillosis; GM, galactomannan.
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increasing significantly for each point increase in serum GM concentration (OR, 8.966; 95%
CI, 1.463 to 54.939; P = 0.018) and for each 10-point increase in serum BDG (OR, 1.293; 95%
CI, 1.032 to 1.620; P = 0.025). An overview of Aspergillus tests performed and test results for
proven/probable CAPA cases positive for any serum biomarker are provided in Table S1.

Antifungal treatment and ICU mortality. Antifungal treatment was started in 28
(71.8%) proven/probable CAPA cases, in 19 (100%) patients with possible CAPA, in 11
(52.4%) patients colonized with Aspergillus, in 3 (42.9%) patients only positive for serum
BDG, and in 16 (12.0%) controls where no evidence of CAPA was found.

As higher mortality in CAPA patients not treated with antifungal therapy can be expected,
we compared the mortality in proven/probable CAPA patients treated and not treated with
antifungal therapy. The differences in 30-day ICU mortality in proven/probable CAPA patients
treated with antifungal therapy was nonsignificant (57.1% versus 45.5%, P = 0.511) and
remained nonsignificant after adjusting for age and hematological malignancies (OR, 1.530;
95% CI, 0.309 to 7.579; P = 0.602). An overview of Aspergillus tests profiles for proven/probable
CAPA patients not treated with antifungal therapy is provided in Table S2.

DISCUSSION

Our study showed a significantly higher ICU mortality in COVID-19 patients with
proven/probable CAPA (54%) than those without evidence of CAPA (24%), similar to
mortality rates reported in previous studies. A recent cohort showed a mortality rate of
52.2%, of which 17.2% was attributed to Aspergillus infection (15). When we investi-
gated mortality in patients with various Aspergillus test profiles, the presence of a posi-
tive serum biomarker was associated with a significantly higher mortality than serum
biomarker negative CAPA cases. Mortality rates in serum-positive CAPA patients (80% to
90%) are very high compared to mortality rates in any other host group at risk to develop
IPA. Positive serum biomarkers are indicative of angioinvasion, which is a hallmark pathological
feature of IPA. Indeed, an animal study comparing cytarabine-induced neutropenic rabbits
with animals with cyclosporine-methylprednisolone-induced immunosuppression showed a
correlation between angioinvasion and the levels of serum GM and BDG (16). We also found a
significant association between GM and BDG serum concentration and 30-day ICU mortality,
which suggests a relationship between high Aspergillus tissue burden and poor outcome. A
correlation between serum GM concentration and all-cause mortality was previously reported
for allogeneic stem cell transplant recipients (17). Furthermore, a correlation between serum
BDG level and mortality was previously found for critically ill patients with candidemia, where
an initial BDG of .287 pg/ml was a significant predictor of 28-day mortality (18). However,
BDG is not specific for IPA, and some studies indicate only a modest contribution of BDG to
the diagnosis of invasive fungal infection in critically ill patients due to low sensitivity and posi-
tive predictive value (19). Indeed, we observed circulating BDG in various patient groups,
including those with no (other) diagnostic evidence for CAPA. Thus, positive serum BDG
should be interpreted with caution and supported by other diagnostic Aspergillus tests to con-
firm CAPA diagnosis. Our findings suggest that serum GM and serum BDG provide a valuable
adjunct to Aspergillus test results from respiratory specimens in patients suspected of CAPA.
Serum biomarker seropositivity may be important for early recognition of CAPA patients at
risk for a poor outcome.

Based on histopathology of CAPA patients with proven tracheobronchitis, we recently
postulated an angioinvasion threshold model, which distinguishes between various stages of
invasive growth of Aspergillus, involving a continuum of Aspergillus colonization, tissue inva-
sion, and angioinvasion (20). Factors that determine the ability of Aspergillus to reach the
angioinvasion threshold include viral lytic effects, immune dysregulation, and immune modu-
lation treatments. Given the low percentage of CAPA patients with positive serum biomarkers
(25% for serum GM and 34% for serum BDG), the angioinvasion threshold is reached in only a
minority of CAPA patients. This contrasts with influenza-associated pulmonary aspergillosis
where circulating GM is detected in up to 65% of patients (2). Alternatively, in serum bio-
marker-negative CAPA patients, the mortality was approximately 15% higher than critically ill
patients without CAPA. This modest increase in ICU mortality may indicate a limited impact of
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CAPA on attributable mortality. However, despite this group being classified as probable
CAPA, based on positive BAL fluid GM or culture, detection of Aspergillus in BAL fluid may
reflect respiratory tract colonization and not IPA (9). Also, the case definitions we used are
consensus based and have never been compared with the gold standard. Besides biopsy
specimens, there is currently no biomarker that enables us to distinguish between respira-
tory tract colonization and tissue invasion. BAL fluid GM concentration is correlated with
fungal burden, and a BAL fluid GM of .3.0 was shown to rule in IPA diagnosis independ-
ent of the pretest probability (21). Bartoletti and colleagues found a correlation between
initial BAL fluid GM and mortality in CAPA patients, with the odds of death increasing
1.41-fold (1.10 to 1.81; P = 0.007) for each point increase in the initial BAL fluid GM index
(3). In our study, however, we were unable to find a correlation between BAL fluid GM
concentration and mortality, which might be due to insufficient power. Also, positive BAL
fluid GM rate and 30-day ICU mortality in patients with positive BAL fluid GM were similar
in both studies; however, the mortality in patients without positive BAL fluid GM was sig-
nificantly higher in our study (18 [37%] patients versus 15 [19%] patients; P = 0.038). We
could not find an explanation for this high mortality, as there were no differences in base-
line characteristics, clinical outcomes, or diagnostic test outcomes comparing patients
alive and deceased in whom BAL fluid GM was measured. The BAL fluid GM concentration
could also have been affected by factors related to the procedure (e.g., sample location,
volume of saline used, etc.) A biomarker that distinguishes between respiratory tract
colonization and tissue-invasive disease might include BAL fluid GM concentration, a
second biomarker such as Aspergillus DNA, or a host response marker associated with
tissue invasion.

We were unable to find a correlation between antifungal therapy and mortality.
Such a correlation has been found previously and supports a role of CAPA in patient
mortality (3, 4). However, other studies have failed to find a benefit of antifungal

FIG 3 Schematic representation of 30-day mortality, CAPA classification, and possible role of Aspergillus tissue and
angioinvasion. BDG, (1,3)-b-D-glucan; CAPA, COVID-19-associated pulmonary aspergillosis; GM, galactomannan.
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therapy and report CAPA cases surviving without receiving antifungal therapy (4, 5,
12). It is likely that the survival outcome of CAPA does not solely depend on the admin-
istration of antifungal therapy, and other treatment interventions may be beneficial to
preclude or even reverse Aspergillus tissue invasion. For instance, the administration of
corticosteroids to limit the detrimental effects caused by cytokine storm syndrome
may increase the host ability to prevent further tissue invasion by Aspergillus hyphae
(20). At the same time, corticosteroids are known to impair fungal killing by monocytes
and macrophages, depending on treatment duration and dose (22). Dexamethasone
has been deemed effective as a treatment against COVID-19 and was more frequently
used during the second wave, which might influence the incidence of CAPA (23). We
are performing a multicenter cohort study (CAPA Plus 2.0) comparing the frequency of
CAPA during the second COVID-19 wave with the first COVID-19 wave.

The presence and classification of CAPA and infection stage show incremental mor-
tality (Fig. 3), indicating that CAPA is a complex disease involving various stages.
Further studies are needed to develop a stage-specific diagnostic strategy. Staging of
CAPA patients will also improve clinical trial design. As the risk of CAPA depends on
various determinants, including lytic effects of the viral infection, immune dysregula-
tion, and predisposing host factors, interventions aimed at diminishing or rebalancing
each of these effects may alter the ability of the Aspergillus infection to progress. The
effects of these multifactorial interventions in addition to antifungal therapy will
be better monitored if we succeed in identifying the disease stages in CAPA more
accurately.
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