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ABSTRACT
Background  Invasive pulmonary aspergillosis is a 
complication of severe COVID-19, with regional variation 
in reported incidence and mortality. We describe the 
incidence, risk factors and mortality associated with 
COVID-19-associated pulmonary aspergillosis (CAPA) in 
a prospective, multicentre UK cohort.
Methods  From March 2020 to March 2021, 266 
mechanically ventilated adults with COVID-19 were 
enrolled across 5 UK hospital intensive care units (ICUs). 
CAPA was defined using European Confederation 
for Medical Mycology and the International Society 
for Human and Animal Mycology criteria and fungal 
diagnostics performed on respiratory and serum samples.
Results  Twenty-nine of 266 patients (10.9%) had 
probable CAPA, 14 (5.2%) possible CAPA and none 
proven CAPA. Probable CAPA was diagnosed a median 
of 9 (IQR 7–16) days after ICU admission. Factors 
associated with probable CAPA after multivariable 
logistic regression were cumulative steroid dose 
given within 28 days prior to ICU admission (adjusted 
OR (aOR) 1.16; 95% CI 1.01 to 1.43 per 100 mg 
prednisolone-equivalent), receipt of an interleukin 
(IL)-6 inhibitor (aOR 2.79; 95% CI 1.22 to 6.48) and 
chronic obstructive pulmonary disease (COPD) (aOR 
4.78; 95% CI 1.13 to 18.13). Mortality in patients with 
probable CAPA was 55%, vs 46% in those without. After 
adjustment for immortal time bias, CAPA was associated 
with an increased risk of 90-day mortality (HR 1.85; 
95% CI 1.07 to 3.19); however, this association did not 
remain statistically significant after further adjustment for 
confounders (adjusted HR 1.57; 95% CI 0.88 to 2.80). 
There was no difference in mortality between patients 
with CAPA prescribed antifungals (9 of 17; 53%) and 
those who were not (7 of 12; 58%) (p=0.77).
Interpretation  In this first prospective UK study, 
probable CAPA was associated with corticosteroid 
use, receipt of IL-6 inhibitors and pre-existing COPD. 
CAPA did not impact mortality following adjustment for 
prognostic variables.

INTRODUCTION
Invasive pulmonary aspergillosis (IPA) is increas-
ingly recognised as a complication of severe viral 
respiratory infection in patients who lack host 
factors traditionally associated with invasive 

fungal disease.1 Preceding viral infection increases 
susceptibility to secondary IPA by damaging the 
lung epithelium and transiently impairing the host 
immune response required for Aspergillus clear-
ance,2 with influenza-associated pulmonary asper-
gillosis (IAPA) estimated to occur in up to 19% of 
mechanically ventilated patients.1 Despite differ-
ences in viral tropism and host immune responses 
between influenza and SARS-CoV-2,3 the shared 
features of epithelial damage and proinflammatory 
cytokine responses, combined with the administra-
tion of exogenous steroids, suggest a similar risk of 
development of secondary IPA in cases of severe 
COVID-19.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Estimates of COVID-19-associated pulmonary 
aspergillosis (CAPA) incidence vary considerably 
(3–39%) according to geographical location 
and are primarily derived from small, 
retrospective studies. To our knowledge, this is 
the largest CAPA incidence study to employ a 
truly prospective methodology and the largest, 
regardless of methodology, performed in the 
UK.

WHAT THIS STUDY ADDS
	⇒ We report an incidence of proven or probable 
CAPA of 10.9% and show that steroid dosing, 
receipt of an interleukin 6 inhibitor and pre-
existing chronic obstructive pulmonary disease 
were all independently associated with a 
diagnosis of probable CAPA, an important 
consideration when managing critical care 
patients with COVID-19.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ We found no association between 90-day 
mortality and probable CAPA after adjustment 
for confounders. The difficulty in identifying 
cases of truly invasive disease in a critical care 
setting likely contributes to this finding and 
highlights the importance of improving upon 
current diagnostic criteria.
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The reported incidence of COVID-19-associated pulmonary 
aspergillosis (CAPA) differs considerably between studies, with 
estimates ranging between 3% and 39%.4 While this may in part 
reflect true geographical variability, diverse utilisation of case 
definitions and fungal diagnostics makes such comparisons chal-
lenging.4 5

The publication of CAPA diagnostic criteria by the Euro-
pean Confederation for Medical Mycology and the Interna-
tional Society for Human and Animal Mycology (ECMM/
ISHAM)6 have standardised reporting, but are not without 
limitations. Having been extrapolated from critically ill and 
influenza populations,1 7 8 these definitions’ ability to discrim-
inate patients with COVID-19 with invasive fungal disease 
from those with Aspergillus airway colonisation requires 
further validation, particularly with respect to how a diag-
nosis of ‘probable CAPA’ relates to clinical outcomes, benefit 
from antifungal treatment9 and evidence of invasive disease on 
autopsy.5 10 11

To date, this is the only multicentre study in the UK to 
prospectively enrol intensive care unit (ICU) patients with the 
purpose of determining the incidence of secondary aspergil-
losis and identifying risk factors for its development. Adjusted 
mortality analyses were used to clarify the clinical significance of 
a ‘probable CAPA’ diagnosis in the context of current ECMM/
ISHAM definitions.

MATERIALS AND METHODS
Study design and participating centres
We performed a multicentre, prospective cohort study across 
five UK hospital ICUs: St George’s University Hospital (SGH); 
St Thomas’ Hospital (STH); King’s College Hospital (KCH), 
London; Glenfield University Hospital (GUH), Leicester; Univer-
sity Hospital of Wales (UHW), Cardiff. STH and GUH serve 
as regional extracorporeal membrane oxygenation (ECMO) 
referral centres. Inclusion criteria were age ≥18 years and ICU 
admission for mechanical ventilation or ECMO due to respira-
tory failure from COVID-19, confirmed by SARS-CoV-2 RNA 
PCR from a respiratory specimen taken <7 days pre-admission, 
or 3 days post-admission to the participating study ICU. Patients 
with a history of IPA were excluded.

Patient enrolment
Patients were prospectively enrolled during the first and second 
COVID-19 waves (23 March 2020–23 March 2021). Since all 
patients lacked capacity, personal (friend or family member) 
or nominated (healthcare professional independent of study) 
consultee consent was obtained, followed by retrospective 
consent (from the patient) for those who recovered.

Study procedures
Serum sampling was performed within 72 hours of enrolment 
and repeated 5–10 days later for those still in the ICU. Surplus 
material from bronchoalveolar lavage (BAL), non-directed bron-
choalveolar lavage (NBL) and endotracheal aspirates (ETAs) 
performed as part of routine clinical care was also stored. Demo-
graphic and clinical data were collected using REDCap electronic 
data capture tools.12 13 Corticosteroid doses were standardised 
using equivalent prednisolone dosing (pred-eq) and mould-
active antifungal therapy was defined as any regimen containing 
voriconazole, isavuconazole, posaconazole, an echinocandin or 
amphotericin B given for ≥2 days.

Mycological testing
Prospective mycological testing was performed at the discre-
tion of the treating physicians and results of fungal cultures/
biomarkers, and Aspergillus PCR recorded. Excess respiratory 
samples and protocol-mandated serum samples were stored at 
−80°C and batch tested at study end for galactomannan (GM) 
using an Aspergillus antigen assay (GM-EIA) (BioRad, Hemel 
Hempstead, UK), Aspergillus PCR (BioMerieux Emag extractor 
and the Fungiplex Aspergillus IVD PCR Kit, Bruker, Glasgow, 
UK) and (1-3)-β-D-glucan (Fungitell, Associates of Cape Cod, 
Liverpool, UK).

Outcomes
The primary outcome was the incidence of ‘proven’, ‘prob-
able’ and ‘possible’ CAPA as per ECMM/ISHAM criteria 
(online supplemental table 1), calculated over the course of a 
patient’s ICU stay, up to a maximum of 90 days. To maximise 
specificity, for all analyses unless otherwise stated, we dichoto-
mised patients as having either ‘proven/probable CAPA’ or as ‘no 
evidence of proven/probable CAPA’. Possible cases were there-
fore not considered to have CAPA and were categorised along-
side patients without evidence of CAPA. Risk factors associated 
with proven/probable CAPA were assessed, as was the associ-
ation between proven/probable CAPA and 90-day mortality 
following ICU admission. Sensitivity analyses were performed, 
both comparing patients with either probable or possible CAPA 
with those without, as well as excluding cases of possible CAPA 
from the analysis completely. We also report on the impact of 
using alternative diagnostic criteria proposed by White et al,14 
Verweij et al8 and Bassetti et al15 on incidence and survival 
(criteria in online supplemental table 1).

Statistical analysis
Analyses were performed using R Statistical Software.16 Χ2 
or Fisher’s exact test was used for categorical variables, and 
Wilcoxon rank-sum test or t-test for continuous variables. 
Adjusted p values, calculated using the false discovery rate 
method, are displayed to account for multiple testing. The 
95% CIs for incidence were calculated using Clopper-Pearson 
intervals.

Logistic regression was performed to identify factors associ-
ated with proven/probable CAPA. To prevent overfitting, four 
variables were chosen a priori according to best evidence (all 
risk factors known to occur before the development of CAPA): 
total steroid dose given within the 28 days prior to ICU admis-
sion (per 100 mg pred-eq),14 17–19 receipt of interleukin (IL)-6 
inhibitor,17 20 21 disease severity (Acute Physiology and Chronic 
Health Evaluation II (APACHE II) score at ICU admission per 
3-point increase)17 19 and chronic obstructive pulmonary disease 
(COPD).18 22

To eliminate time bias (patients with CAPA cannot die between 
ICU admission and CAPA diagnosis), the diagnosis of proven/
probable CAPA was treated as a time-dependent variable and 
included in a Cox proportional hazards model to better investi-
gate the association between proven/probable CAPA and 90-day 
mortality. Age, disease severity (APACHE II), ECMO (started 
prior to CAPA development) and COPD were selected a priori 
for inclusion in the multivariable analysis. Schoenfeld resid-
uals were used to test the assumption of proportional hazards. 
Kaplan-Meier and Simon-Makuch plots23 are displayed to allow 
visualisation of mortality differences calculated by a Cox propor-
tional hazards model.
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Role of funding source
The funding source had no role in study design, conduct, anal-
ysis or write-up.

RESULTS
Between 23 March 2020 and 23 March 2021, we enrolled 271 
mechanically ventilated patients with COVID-19: 4 withdrew 
consent and 1 did not meet inclusion criteria, leaving 266 in the 
final analysis (table 1).

Incidence risk of CAPA
There were no cases of proven CAPA, 29 (10.9%; 95% CI 7.4% 
to 15.3%) of probable CAPA, 14 (5.2%; 95% CI 2.9% to 8.7%) 
of possible CAPA and 223 (83.8%; 95% CI 78.8% to 88.0%) 
with no evidence of CAPA (recorded over the length of each 
patient’s ICU stay, up to a maximum of 90 days). A diagnosis 
of probable CAPA occurred at a median of 9 days (IQR: 7–16) 
from ICU admission. Table 1 summarises patient characteristics. 
There were no statistically significant differences in baseline 

demographics between patients who were diagnosed with prob-
able CAPA and those who were not. Receipt of an IL-6 inhibitor 
(52% (15 of 29) vs 30% (71 of 237), p=0.018), COPD (14% (4 
of 29) vs 3% (7 of 237), p=0.02) and longer ICU stays (28 days 
(22–42) vs 20 days (12–34), p=0.03) were more common in 
patients diagnosed with probable CAPA (table 1). The incidence 
risk of CAPA according to site was as follows: SGH 6.9% (6 of 
87), STH 50% (6 of 12), KCH 12.8% (5 of 39), GUH 12.7% (11 
of 86), UHW 11.9% (5 of 42).

Factors associated with probable CAPA
In a multivariable logistic regression model, cumulative steroid 
dose given within 28 days prior to ICU admission (adjusted 
OR (aOR) 1.16; 95% CI 1.01 to 1.43 per 100 mg pred-eq), 
receipt of an IL-6 inhibitor (aOR 2.79; 95% CI 1.22 to 6.48) 
and COPD (aOR 4.78; 95% CI 1.13 to 18.13) were associ-
ated with the development of probable CAPA (figure 1). These 
factors remained statistically significant following sensitivity 
analyses excluding possible CAPA cases completely (ie, proven/

Table 1  Patient characteristics and factors associated with a diagnosis of ‘probable CAPA’

Overall, N=266 No CAPA, N=237 Probable CAPA, N=29 P value q-value*

Age (years), median (IQR) 56 (47–65) 56 (46–65) 58 (53–64) 0.75† 0.79

Female gender, n (%) 86 (32) 78 (33) 8 (28) 0.56‡ 0.70

Ethnicity, n (%) 0.15§ 0.37

 � White 133 (50) 114 (48) 19 (66)

 � Asian 66 (25) 63 (27) 3 (10)

 � Black 39 (15) 36 (15) 3 (10)

 � Other 28 (11) 24 (10) 4 (14)

APACHE II at admission, median (IQR) 13 (10–18) 13 (10–17) 16 (9–20) 0.18¶ 0.40

SOFA at admission, median (IQR) 7 (5–8) 7 (5–8) 7 (5–8) 0.26¶ 0.43

COPD, n (%) 11 (4.1) 7 (3.0) 4 (14) 0.022§ 0.19

Smoking history, n (%) 59 (22) 49 (21) 10 (34) 0.091‡ 0.26

BMI, median (IQR) 30 (26–35) 30 (26–35) 31 (26–35) 0.91† 0.91

Diabetes, n (%) 77 (29) 71 (30) 6 (21) 0.30‡ 0.46

Hypertension, n (%) 102 (38) 92 (39) 10 (34) 0.65‡ 0.72

Chronic kidney disease, n (%) 15 (5.6) 11 (4.6) 4 (14) 0.067§ 0.22

Neutrophil count at ICU admission, median (IQR) 8.5 (5.8–11.5) 8.6 (6.1–11.5) 7.3 (5.6–11.6) 0.63† 0.72

Lymphocyte count at ICU admission, median (IQR) 0.60 (0.40–0.80) 0.60 (0.40–0.86) 0.60 (0.40–0.69) 0.22† 0.40

Received renal replacement therapy, n (%) 81 (31) 70 (30) 11 (38) 0.38‡ 0.50

EORTC host criteria, n (%) 14 (5.3) 10 (4.2) 4 (14) 0.053§ 0.21

ECMO, n (%) 51 (19) 43 (18) 8 (28) 0.22‡ 0.40

Received IL-6 inhibitor, n (%) 86 (32) 71 (30) 15 (52) 0.018‡ 0.15

Received IL-1 inhibitor, n (%) 15 (5.6) 14 (5.9) 1 (3.4) >0.99† >0.99

Steroid dose (pred-eq) 28 days prior to ICU admission, 
mean (SD)

86 (299) 65(138) 253 (810) 0.16† 0.36

Length of ICU stay (days), median (IQR) 20 (13–35) 20 (12–34) 28 (22–42) 0.029† 0.19

90-day mortality, n (%) 125 (47) 109 (46) 16 (55) 0.35‡ 0.50

Possible CAPA classified as no CAPA for this analysis. Bold values denote statistical significance at the p < 0.05 level.
*False discovery rate correction for multiple testing.
†Wilcoxon rank-sum test.
‡Pearson’s Χ2 test.
§Fisher’s exact test.
¶Welch two-sample t-test.
APACHE II, Acute Physiology and Chronic Health Evaluation II; BMI, body mass index; CAPA, COVID-19-associated pulmonary aspergillosis; COPD, chronic obstructive pulmonary 
disease; ECMO, extracorporeal membrane oxygenation; EORTC, European Organization for Research and Treatment of Cancer; ICU, intensive care unit; IL, interleukin; pred-eq, 
prednisolone equivalent; SOFA, Sequential Organ Failure Assessment.
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probable CAPA compared only against patients with no evidence 
of CAPA). When possible cases were included with proven/prob-
able CAPA cases and compared with those with no evidence of 
CAPA, only cumulative pre-ICU steroid dose (aOR 1.16; 95% CI 
1.01 to 1.41) remained statistically significant (online supple-
mental figure 1).

Survival analysis
Overall, 90-day mortality in our cohort was 47% (125 of 
266). Mortality was similar in patients with and without prob-
able CAPA (55% (16 of 29) vs 46% (109 of 237), p=0.35). In 
unadjusted univariable analysis (table 2), age (HR 1.15; 95% CI 
1.07 to 1.25 per 5-year increase), baseline APACHE II score 
(HR 1.18; 95% CI 1.09 to 1.27, per 3-point increase), COPD 
(HR 2.39; 95% CI 1.21 to 4.71) and steroid dose prior to ICU 
admission (HR 1.06; 95% CI 1.01 to 1.12) were associated with 
90-day mortality. There was no statistically significant difference 
in mortality between sites.

After immortal time bias (pertaining to the timing of CAPA 
diagnosis) was eliminated using a time-dependent Cox regres-
sion model, probable CAPA was associated with an increased 
risk of 90-day mortality (HR 1.85; 95% CI 1.07 to 3.19) 
(figure 2, Simon-Makuch plot); however, this association did not 
remain statistically significant after adjustment for confounders 
(adjusted HR (aHR) 1.57; 95% CI 0.88 to 2.80) (figure 3). In 
sensitivity analyses, these results were unaltered if possible cases 
were excluded entirely, or were considered to have CAPA (online 
supplemental figure 2).

A differential diagnosis of CAPA assigned by the clinical care 
team was not predictive of 90-day mortality (HR 1.02; 95% CI 
0.6 to 1.72), although 74% (23 of 31) of these patients were 
given timely antifungal therapy. There was also no difference in 
mortality according to the number of positive mycological tests 
a patient had (figures 4 and 5), or according to BAL-GM values 
(HR 1.02, CI 0.88 to 1.17 per 1.0 increase in galactomannan 
index (GMI)). Similarly, serum biomarker positivity (serum β-
D-glucan and/or GM) in patients with probable CAPA (58% 
vs 53%, p=0.8) was not associated with increased mortality. 
There was insufficient evidence for an association between any 
of the published CAPA case definitions and risk of mortality 
when immortal time bias and confounders were adjusted for. 
However, point estimates for the HR were all above 1.2, with 
the Verweij et al criteria approaching statistical significance 
(figure 3).

Effect of antifungal therapy
Of the 29 patients with probable CAPA, 17 (58%) received 
mould-active antifungal agents within 2 weeks of CAPA diag-
nosis. There was no difference in 90-day mortality between 
patients with probable CAPA prescribed mould-active antifun-
gals (9 of 17; 53%) and those who were not (7 of 12; 58%) 
(p=0.77). For the 17 patients with CAPA who were prescribed 
them, antifungals were commenced between 21 days prior to 
9 days after CAPA diagnosis (median +2 days, IQR −1 to +5) 
and continued for median duration of 13 days (IQR 8–21 days). 
Excluding the five patients receiving antifungals late (>48 hours 
after CAPA diagnosis), there remained no statistically significant 
difference in 90-day mortality (3 of 6 (50%) in the antifungal 
group vs 10 of 17 (59%) for none, p=0.64). In these 17 patients, 
the most commonly prescribed agents were voriconazole (148 
patient-days), amphotericin B (58 patient-days), echinocandins 
(50 patient-days) and isavuconazole (5 patient-days). Of the 12 
patients with probable CAPA who did not receive mould-active 
antifungals, a diagnosis of CAPA was made via retrospective 
sample testing in 4 of 12 (33%) and thus not known to the clin-
ical care teams. When analysis was restricted to patients in the 
study cohort who did not receive antifungals, there remained 
no statistical difference in mortality between those with prob-
able CAPA (7 of 12, 58%) and those without (86 of 190, 45%) 
(p=0.37).

Figure 1  Factors associated with the development of probable CAPA. 
Multivariable logistic regression model. All coefficients exponentiated. 
APACHE II, Acute Physiology and Chronic Health Evaluation II, CAPA, 
COVID-19-associated pulmonary aspergillosis; COPD, chronic obstructive 
pulmonary disease; ICU, intensive care unit; IL, interleukin; pred-eq, 
prednisolone equivalent.

Table 2  Factors associated with 90-day mortality: unadjusted 
univariable Cox regression analysis

Characteristic
Estimate of effect HR 
(95% CI) P value q-value*

Probable CAPA 1.15 (0.68 to 1.95) 0.59 0.72

Female gender 0.76 (0.51 to 1.12) 0.17 0.47

Age (per 5-year increase) 1.15 (1.07 to 1.25) <0.001 0.002

Ethnicity

 � White —

 � Asian 1.40 (0.93 to 2.11) 0.11 0.37

 � Black 0.76 (0.43 to 1.37) 0.36 0.68

 � Other 1.23 (0.70 to 2.16) 0.48 0.68

COPD 2.39 (1.21 to 4.71) 0.012 0.051

Smoking history 1.18 (0.78 to 1.78) 0.43 0.68

BMI (per point increase) 0.99 (0.96 to 1.02) 0.42 0.68

Diabetes 0.88 (0.59 to 1.31) 0.52 0.69

Hypertension 0.94 (0.66 to 1.36) 0.76 0.86

EORTC host criteria 1.31 (0.64 to 2.68) 0.46 0.68

APACHE II (per 3-point 
increase)

1.18 (1.09 to 1.27) <0.001 <0.001

Received ECMO 0.97 (0.63 to 1.51) 0.90 0.95

Received IL-6 inhibitor 0.82 (0.56 to 1.21) 0.30 0.68

Steroid dose 28 days prior to 
ICU admission (per 100 mg 
pred-eq)

1.06 (1.01 to 1.12) 0.016 0.056

Possible CAPA classified as no CAPA for this analysis. Bold values denote statistical 
significance at the p < 0.05 level.
*False discovery rate correction for multiple testing.
APACHE II, Acute Physiology and Chronic Health Evaluation II; BMI, body mass 
index; CAPA, COVID-19-associated pulmonary aspergillosis; COPD, chronic 
obstructive pulmonary disease; ECMO, extracorporeal membrane oxygenation; 
EORTC, European Organization for Research and Treatment of Cancer; ICU, intensive 
care unit; IL, interleukin; pred-eq, prednisolone equivalent.
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Mycological sampling
In total, 461 sera were collected; all patients had at least one 
serum sample and 196 (74%) had two. One hundred thirty 
(48%) patients had at least one BAL (229 BALs total), and 156 
(59%) at least some form of deep respiratory sample (additional 
52 NBLs). BAL-GM was performed in 113 (42%) patients.

Mycological criteria
Test modalities used to define probable CAPA are shown in 
figure 6. The majority of probable CAPA cases (21 of 29; 72%) 
were defined by a single positive mycological test only, with nine 
attributed to BAL-GM positivity alone. Sixteen (55.2%) of 29 
had at least one positive BAL-GM result. Serum GM was an 
insensitive marker for CAPA, with only 5 of 29 (17.2%) positive. 
Fifteen (51.7%) of 29 probable CAPA cases cultured Aspergillus 
spp from a respiratory sample (ETA/NBL/BAL) vs 10 (4.2%) of 
237 without probable CAPA (eight of which were classified as 
possible CAPA). Ten (3.7%) of the 266 enrolled patients had 
cavities on CT imaging; of these, only two fulfilled the mycolog-
ical criteria of probable CAPA. Tracheobronchitis was only seen 
in two (0.8%) patients (1.5% of patients who had at least one 

BAL), neither had any positive Aspergillus diagnostics so did not 
fulfil ECMM/ISHAM criteria for probable or possible CAPA. 
β-D-glucan is not included in the ECMM/ISHAM criteria but is 
in the White et al definition; in our series, 9 (31%) of 29 patients 
with probable CAPA had a positive serum β-D-glucan (≥80 pg/
mL) compared with 21 (9%) of 237 without probable CAPA. 
Twenty-five of 29 (86.2%) of patients with CAPA could be clas-
sified using prospective clinical testing alone (without additional 
retrospective laboratory testing). Ten of 29 (34%) patients iden-
tified as having probable CAPA using ECMM/ISHAM criteria 

Figure 2  Simon-Makuch plot displaying time-adjusted survival 
probability over time in patients with a diagnosis of probable CAPA 
versus those without. Probability curves and p value calculated using 
an unadjusted time-dependent Cox proportional hazards model. CAPA, 
COVID-19-associated pulmonary aspergillosis.

Figure 3  Risk of death according to published CAPA definitions. Point 
estimates and HRs calculated using a time-dependent Cox hazards 
regression model adjusted for age, APACHE II score, receipt of ECMO 
and COPD. All coefficients exponentiated. APACHE II, Acute Physiology 
and Chronic Health Evaluation II; CAPA, COVID-19-associated 
pulmonary aspergillosis; COPD, chronic obstructive pulmonary disease; 
ECMM/ISHAM, European Confederation for Medical Mycology and 
the International Society for Human and Animal Mycology; ECMO, 
extracorporeal membrane oxygenation.

Figure 4  Kaplan-Meier survival analysis comparing 90-day mortality 
in patients with probable CAPA according to mycological test positivity. 
Tests included in analysis: serum β-D-glucan >80 (not part of ECMM/
ISHAM criteria), serum GM >0.5, serum Aspergillus PCR CT <36, 
BAL culture, BAL-GM >1.0, BAL Aspergillus PCR CT <36. Probability 
curves and p value calculated using Cox proportional hazards 
model. BAL, bronchoalveolar lavage; CAPA, COVID-19-associated 
pulmonary aspergillosis; CT, cycle threshold; ECMM/ISHAM, European 
Confederation for Medical Mycology and the International Society for 
Human and Animal Mycology; GM, galactomannan.

Figure 5  Kaplan-Meier survival analysis comparing 90-day mortality 
in patients without any positive mycology tests with those with one 
positive test and those with two or more positive tests (all patients in 
cohort included). Tests included: serum β-D-glucan >80 (not part of 
ECMM/ISHAM criteria), serum GM >0.5, serum Aspergillus PCR CT <36, 
BAL culture, BAL-GM >1.0, BAL Aspergillus PCR CT <36. Probability 
curves and p value calculated using Cox proportional hazards 
model. BAL, bronchoalveolar lavage; CAPA, COVID-19-associated 
pulmonary aspergillosis; CT, cycle threshold; ECMM/ISHAM, European 
Confederation for Medical Mycology and the International Society for 
Human and Animal Mycology; GM, galactomannan.
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fulfilled case definitions proposed by White et al, Bassetti et al 
and Verweij et al8 14 15 (online supplemental figure 3).

DISCUSSION
In this, the only multicentre, prospective UK CAPA study, 
we report a probable CAPA incidence risk of 10.9% among 
mechanically ventilated patients with COVID-19, diagnosed 
a median of 9 days after ICU admission, comparable with the 
10–15% recently reported from retrospective multisite Euro-
pean cohorts,17 20 22 and 14% from the only other large UK 
cohort reported to date (using a different diagnostic classifica-
tion).14 Given the reported regional and centre-specific variation 
in prevalence,4 prospectively collected, multicentre, country-
specific data on CAPA epidemiology and outcomes are essential; 
however, pinpointing truly invasive fungal disease and therefore 
judging whom to treat with antifungal therapy in this ICU popu-
lation, remain challenging.

Similar to Kariyawasam et al,5 we found limited agreement 
between different CAPA diagnostic criteria with only 10 of 
29 (34%) patients with probable CAPA meeting case defi-
nitions as proposed by White et al, Bassetti et al and Verweij 
et al8 14 15 (online supplemental figure 3). BAL-GM positivity 
has been shown to correlate with postmortem-confirmed inva-
sive aspergillosis in immunosuppressed ICU patients without 
COVID-19,24 warranting its inclusion in the modified AspICU 
criteria proposed by Schauwvlieghe et al.1 Its utility in a clinically 
divergent COVID-19 population, however, does not appear to 
be as robustly supported.

While Bartoletti et al showed an association between BAL-GM 
and mortality,21 this finding has not been replicated elsewhere.25 
Interestingly, one large multicentre cohort demonstrated that 
while combined BAL-GM and Aspergillus culture positivity was 
associated with mortality, BAL-GM positivity on its own (in 
culture-negative samples) was not.26 In a large review of autopsy 
studies, only 2% (6 of 320) of mechanically ventilated patients 
with COVID-19 had evidence of proven CAPA—much lower 
than one might expect from antemortem prevalence studies 
using ECMM/ISHAM criteria.10 It should be noted, however, 
that <10% of patients received IL-6 inhibitors or corticosteroids 
and only 38% had specific fungal histological staining (although 
fungal hyphae may be evident on H&E staining).27 Interestingly, 
one single-centre autopsy study did find postmortem rates of 
CAPA comparable with antemortem studies (20%), although it 
is possible that autopsies were selectively requested in patients 
with especially long or complex disease courses.11

With an inability to easily confirm invasive disease, mortality 
has been used as a proxy against which the validity of diagnostic 
criteria are judged, assuming that true IPA should be associated 
with higher mortality28: indeed, several prospective14 21 and 
retrospective17 19 20 29 studies have reported excess mortality 
with CAPA. However, others have not shown a difference, espe-
cially after adjustment for covariables.22 30 In our cohort, prob-
able CAPA was associated with an almost twofold increase in 
the risk of death at 90 days after adjustment for immortal time 
bias. However, this association did not remain statistically signif-
icant after adjustment for confounders (aHR 1.57; 95% CI 0.88 
to 2.80). It is possible that CAPA does influence mortality, but 
events were underpowered after adjustment. Similarly, although 
treatment with mould-active antifungals in those with probable 
CAPA was not associated with a reduction in mortality (p=0.87) 
(in keeping with a recent meta-analysis5), numbers were small.

Most intubated patients with COVID-19 fulfil clinical and 
radiological criteria for CAPA, placing a disproportionate 
emphasis on available mycological evidence. ECMM/ISHAM 
criteria maximise sensitivity by incorporating GM and Asper-
gillus PCR testing; however, with only a single positive test 
required, it is likely that patients with Aspergillus colonisation 
are classified alongside those with invasive disease, particularly 
if positivity is solely in respiratory samples. Interstudy differ-
ences in CAPA-related mortality may therefore reflect differ-
ences in the underlying prevalence of true invasive aspergillosis 
in the populations studied—with criteria-based ‘probable CAPA’ 
potentially capturing Aspergillus colonisation (ie, a false posi-
tive) in a low prevalence setting. Similarly, while a strength of 
our study, the fact that mycological screening was performed on 
any enrolled ICU patient with COVID-19 may have resulted in 
more false positives than where clinical deterioration/suspicion 
of CAPA prompts such investigations.14

Using quantitative biomarker indices and/or stratifying patients 
according to the number or type of positive mycological tests 
has been proposed as a tool to identify those with higher fungal 
burden and greater likelihood of invasive disease.31 Bartoletti 
et al reported greater mortality in those with higher BAL-GM 
values21 and in those diagnosed using the original AspICU criteria 
(reliant on positive Aspergillus culture rather than biomarkers).7 
Similarly, Dellière et al found that multiple positive mycolog-
ical tests and lower Aspergillus quantitative PCR cycle threshold 
values were associated with increased mortality.32 In contrast, we 
did not find statistically significant survival differences according 
to the number of positive mycological tests (figures  4 and 5) 
or higher BAL-GM values (HR 1.02, CI 0.88 to 1.17 per 1.0 
increase in GMI). Interestingly however, the more stringent 
Verweij et al definition8 (which considers non-BAL respiratory 
samples only when lung cavitation is present) trended towards a 
more robust mortality association than the arguably less specific 
White et al criteria14 (which includes NBL samples and positive 
serum β-D-glucan) or Bassetti et al criteria15 (which specify a 
lower BAL-GM cut-off at 0.8) (figure 3).

Van de Veerdonk et al recently proposed that Aspergillus–host 
interaction in CAPA occurs on a spectrum, ranging from colo-
nisation to angioinvasive disease.33 The threshold for angioin-
vasive disease is reached according to the cumulative effects of 
intrinsic and extrinsic factors such as those caused by the viral 
pathogen, immunomodulatory treatment and pre-existing host 
factors. In reference to this model, Ergün et al25 proposed serum 
biomarker positivity as an indicator of angioinvasion, reporting 
a 30-day mortality of 83.3% in patients with CAPA with a posi-
tive serum β-D-glucan and/or GM, compared with 35% in those 
with negative serum biomarkers (p=0.014).25 In our study, 

Figure 6  UpSet diagram displaying positive test modalities in 
patients classified as probable CAPA. This diagram shows the number 
of diagnoses of probable CAPA made according to diagnostic test or 
combination of diagnostic tests. BAL, bronchoalveolar lavage; CAPA, 
COVID-19-associated pulmonary aspergillosis; GM, galactomannan.
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however, 12 (41%) of 29 patients with CAPA with a positive 
serum β-D-glucan and/or GM had similar mortality to the 17 
without (58% vs 53%, p=0.8). This again may suggest a lower 
prevalence of invasive disease in the UK setting. Of interest, of 
five patients with positive serum biomarkers alive at 90 days, 
only one did not receive timely antifungal therapy, although the 
small number of patients in this subgroup precludes meaningful 
analysis.

In contrast to IAPA, CAPA appears less likely to occur in 
the absence of additional risk factors1 25 33; therefore, identi-
fying these factors is imperative in enabling patient risk strat-
ification. Steroids and tocilizumab are frontline therapies in 
hypoxaemic patients with COVID-1934 to counter hyperinflam-
mation characterising severe disease.35 However, by dampening 
the activation of innate and adaptive antimicrobial responses, 
they can also predispose to secondary fungal infections. With 
COPD, impaired ciliary activity and inhaled corticosteroids are 
likely to contribute to susceptibility.36 Our results strengthen 
the findings from other published cohorts in identifying these 
factors as independently contributing to the risk of developing 
CAPA.17 18 20 22 25 30

A limitation of our study was that bronchoscopy and BAL sampling 
was not protocol mandated. Early in the pandemic, the avoidance 
of aerosol-generating procedures meant that fewer patients had a 
BAL performed, and in those who did, excess sample was often not 
available for retrospective testing. There was also intercentre hetero-
geneity in mycological sampling and real-time availability of fungal 
diagnostics. While this is the largest UK prospective CAPA study to 
date, the relatively small number of patients with probable CAPA 
(29) limits the power to detect mortality associations and differences 
within subgroup analyses (eg, on the impact of antifungal therapy); 
therefore, any absence of statistical significance is not definitive 
evidence of a lack of association.

In summary, despite a prospective design and universal serum 
screening, the reported incidence of probable CAPA in this UK 
ICU cohort is at the lower end of the range of European estimates. 
We found no statistically significant excess mortality in patients 
diagnosed with CAPA after adjustment for prognostic covariables. 
Further postmortem studies evaluating current diagnostic criteria 
against histological evidence of invasive aspergillosis would be valu-
able but are logistically and ethically challenging. In the absence of a 
proven diagnosis, the benefit of antifungal therapy in patients with 
suspected CAPA must be carefully weighed against the cost, toxicity, 
potential for drug–drug interaction and development of antifungal 
resistance. We propose that criteria requiring >2 positive Aspergillus-
specific tests, that is, GM or PCR from blood or BAL, or positive BAL 
culture, ideally from temporally separated samples, or a single test in 
the presence of additional clinical risk factors or specific radiological 
signs, would target antifungal therapy to those most likely to benefit. 
While this would require further validation and must be considered 
against the need to maintain diagnostic sensitivity, we believe that a 
single positive mycological test should act as the start, not the end, of 
investigation for CAPA.
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