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Abstract

Background: Although existing mycological tests (bronchoalveolar lavage [BAL] galactomannan [GM], serum GM, serum (1,3}
B-D-glucan [BDG], and fungal culture) are widely used for diagnosing invasive pulmonary aspergillosis (IPA) in non-hematological
patients with respiratory diseases, their clinical utility in this large population is actually unclear. We aimed to resolve this clinical
uncertainty by evaluating the diagnostic accuracy and utility of existing tests and explore the efficacy of novel sputum-based
Aspergillus assays.

Methods: Existing tests were assessed in a prospective and consecutive cohort of patients with respiratory diseases in West China
Hospital between 2016 and 2019 while novel sputum assays (especially sputum GM and Aspergillus-specific lateral-flow device
[LED]) in a case-controlled subcohort. IPA was defined according to the modified European Organization for Research and
Treatment of Cancer/Mycoses Study Group criteria. Sensitivity and specificity were computed for each test and receiver operating
characteristic (ROC) curve analysis was performed.

Results: The entire cohort included 3530 admissions (proven/probable IPA = 66, no IPA = 3464) and the subcohort included 127
admissions (proven/probable IPA = 38, no IPA = 89). Sensitivity of BAL GM (>1.0 optical density index [ODI]: 86% [24/28]) was
substantially higher than that of serum GM (0.5 ODI: 38% [39/102]) (x* = 19.83, P < 0.001), serum BDG (>70 pg/mL: 33% [31/
95]) (x> =24.65, P < 0.001), and fungal culture (33% [84/253]) (x*>=29.38, P < 0.001). Specificity varied between BAL GM
(>1.0 ODI: 94% [377/402]), serum GM (>0.5 ODI: 95% [2130/2248]), BDG (89% [1878/2106]), and culture (98% [4936/
5055]). Sputum GM (>2.0 ODI) had similar sensitivity (84% [32/38]) (Fisher’s exact P =1.000) to and slightly lower specificity
(87% [77/89]) (x*>=5.52, P=0.019) than BAL GM (>1.0 ODI). Area under the ROC curve values were comparable between
sputum GM (0.883 [0.812-0.953]) and BAL GM (0.901 [0.824-0.977]) (P = 0.734). Sputum LFD had similar specificity (91%
[81/89]) (x*>=0.89, P=0.345) to and lower sensitivity (63% [24/38]) (x> =4.14, P=0.042) than BAL GM (>1.0 ODI), but
significantly higher sensitivity than serum GM (>0.5 ODI) (x*> = 6.95, P =0.008), BDG (x> = 10.43, P = 0.001), and fungal culture
(2 = 12.70, P < 0.001).

Conclusions: Serum GM, serum BDG, and fungal culture lack sufficient sensitivity for diagnosing IPA in respiratory patients.
Sputum GM and LFD assays hold promise as rapid, sensitive, and non-invasive alternatives to the BAL GM test.
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Introduction

Invasive pulmonary aspergillosis (IPA) is increasingly
reported in non-hematological patients with respiratory
diseases, ranging broadly from chronic lung diseases (eg,
chronic obstructive pulmonary disease [COPD], asthma,
lung cancer, pulmonary fibrosis, or bronchiectasis) to
acute lung diseases (eg, community-acquired pneumonia,
influenza, or coronavirus disease 2019)."*! Given the
widespread underlying conditions, the lethality, and the
elusive clinical presentation of IPA in immunocompetent
patients (frequent absence of host factors and typical
radiological features),!"*®! diagnostic assessment of sus-
pected IPA has been commonly and indispensably
implemented in routine clinical practice in respiratory
care facilities. However, this process can be lengthy,
costly, or invasive (when bronchoscopy or biopsy is
arranged), and notably the accuracy and utility of
existing mycological tests including bronchoalveolar
lavage (BAL) galactomannan (GM), serum GM, serum
(1,3)-B-D-glucan (BDG), and fungal culture for diagnos-
ing IPA in respiratory patients are actually unclear, yet
they are widely used. Such clinical uncertainty would
result in diagnostic chaos in which inappropriate
ordering or interpretation of diagnostic tests leads to
delayed or missed diagnosis or even misdiagnosis,
accounting for increased mortality, morbidity, and
healthcare costs for a larﬁe group of patients with a
clinical suspicion of IPA."*! Therefore, improving the
diagnosis of IPA in patients with respiratory diseases by
defining the clinical utility of currently available fungal
tests and exploring new alternatives remains a crucial
unmet clinical need.

Although recommended by the European Organization
for Research and Treatment of Cancer/Mycoses Study
Group (EORTC/MSG) for diagnosing invasive fungal
diseases in immunocompromised patients, the existing
mycological tests have not yet been officially recom-
mended for immunocompetent patients.!!%'!! Develop-
ment of clinical recommendations has been hampered by a
lack of robust and informative evidence. To our
knowledge, previous studies of diagnostic accuracy of
the existing tests for IPA in respiratory patients either had
small sample sizes or were retrospective reviews of
hospital records, leading to considerable between-study
variation in diagnostic yields of a test and failure to
accurately compare different tests. Therefore, a large-scale
prospective comparison of diagnostic performance of
existing tests in patients with respiratory diseases is
required to determine their clinical utility in this specific
but large population, allowing change in clinical practice
and decision-making.

Despite the paucity of reports on diagnostic effectiveness
of the existing tests in patients with respiratory diseases,
serum GM generally showed lower sensitivity than BAL
GM,"*13] supporting the notion that immunocompetent
patients tend to develop airway-invasive aspergillosis
rather than angio-invasive forms.!"* Compared with BAL,
sputum is a noninvasive and readily available lower
respiratory tract specimen that most patients with lung
diseases can produce for microbiologic evaluation.

WWW.CIj.org

Therefore, the discovery of novel tests by detecting
Aspergillus biomarkers in sputum presents an opportunity
to improve the early diagnosis of IPA. To date,
Aspergillus-specific biomarkers including GM,!"! the
JES antigen (assayed by a lateral-flow device
[LFD]),!"*! Aspergillus DNA (detected by polymerase
chain  reaction [PCR]),!'”! triacetylfusarinine C
(TAFC),!"8 and bis(methylthio)gliotoxin (bmGT)!"*! have
been investigated in serum or BAL. However, no study has
detected these biomarkers in sputum and compared them
to existing tests for IPA in patients with respiratory
diseases.

The primary objectives of this study were to evaluate and
compare the clinical utility of BAL GM, serum GM, serum
BDG, and fungal culture for detection of IPA in patients
with respiratory diseases, and to discover the diagnostic
potential of sputum GM, LFD, PCR, TAFC, and bmGT
tests in this population. We hypothesized that the clinical
utility of sputum-based tests could be superior to that of
existing tests in diagnosis of IPA.

Methods

Study design

This prospective diagnostic study was conducted at the
West China Hospital of Sichuan University. We evaluated
the diagnostic accuracy of the existing tests in a
consecutive cohort of patients admitted to our general
respiratory wards (entire cohort), and that of novel
sputum-based tests in a subcohort (sputum biomarker
subcohort). Tests performed before antifungal treatment
were analyzed. The study was approved by the Clinical
Trial and Biomedical Ethics Committee of West China
Hospital of Sichuan University (No. 2016-234) and
registered at http://www.chictr.org.cn (ChiCTR-DPD-
16009070). All patients provided written informed
consent.

Patient enrolment, diagnosis, and follow-up

For the entire cohort, adult (>18 years) patients with
underlying respiratory diseases were screened and
enrolled by clinical researchers at admission. Exclusion
criteria were hematological malignancy, receipt of solid
organ transplant, neutropenia, or unwillingness to
provide informed consent. Following consent, demo-
graphics, chest imaging results, and medical history of the
patient were recorded. During hospitalization, diagnostic
tests and treatment regimens were prescribed by the
attending physicians and were not affected by study
participation.

IPA was diagnosed according to the 2008 EORTC/MSG
criteria'”! modified for patients with respiratory diseases,
with underlying respiratory disease added as a host factor
and Fulmonary infiltrate added as a radiological crite-
rion.”*"®?I Particularly, the presence of clinical criteria was
determined by a panel of three clinicians specializing in
respiratory medicine and infectious diseases who were
masked to mycological findings. No IPA was defined as
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patients who did not fulfill the clinical criteria and was
further confirmed by significant clinical improvement at
discharge without receiving antifungals.

For sputum biomarker subcohort, induced sputum
samples were obtained from patients with proven/
probable IPA without receiving antifungals and randomly
selected patients with no IPA (1:2).

Laboratory procedures

Blood, BAL, and spontaneous sputum samples collected
for the existing mycological tests were sent to the
Department of Laboratory Medicine. GM testing on
BAL or serum was performed with the Platelia Aspergillus
enzyme immunoassay (Bio-Rad, Hercules, CA, USA),
Serum BDG testing was performed with the Dynamrker
Fungus BDG Assay kit (Dynamiker Biotechnology,
Tianﬂm China), with BDG <70 pg/mL considered nega-
tive.'”"! Fungal culture on BAL or qualified spontaneous
sputum (squamous cells <10 and leukocytes >25 per low
power field) was done by observing fungal growth on
Sabouraud Dextrose Agar medium (Oxoid, Basingstoke,
Hampshire, UK) for 7 days.[*"!

Induced sputum sarngles were collected and processed as
previously described*? for GM, LFD, PCR, TAFC, and
bmGT assays. Specimens with a squamous cell percent-
age >50% or cell viability <40% were deemed
unqualified and excluded. GM test on sputum was
performed as per that on BAL or serum. The reproduc-
ibility of sputum GM assay was previously validated by
Baxter et al, showing an intra-assay coefficient
variation of 5% and inter-assay coefficient variation of
9%. Sputum LFD was performed with the commercial-
ized AspLFD kit (OLM Diagnostics, Newcastle upon
Tyne, UK). Aspergillus DNA was detected with a
quantitative PCR protocol usrng the pan-Aspergillus
primers designed by Walsh et al.”*! PCR result, that is,
Aspergillus load, was expressed as numbers of copies per
pL of the specimen. Sputum TAFC and bmGT were
simultaneously detected by using the method of high-
performance liquid chromatography-tandem mass spec-
trometry.??! The method has a limit of detection of <1
ng/mL and a lower limit of qzuantltatlon of 1.56 ng/mL
for both TAFC and bmGT.!?

The laboratory personnel were blinded to the study design
and performed each type of test separately.

Sample size calculation

We calculated the sample size based on the diagnostic
accuracy of the sputum GM assay to ensure sufficient
statistical power for the assessment of novel tests in the
sputum biomarker subcohort. Since the receiver operating
characteristic (ROC) curves show the trade-off between
sensitivity and specificity, and the area under the ROC
curve (AUC) is considered as an overall index of accuracy
for quantitative biomarkers, the sample size was com-
puted according to the AUC value of sputum GM. We set
the ratio of proven/probable IPA to no IPA as 1:2
according to our pilot study, which included 20 patients
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with proven/probable IPA and 40 patients with no IPA
and generated an AUC value of 0.854 for sputum GM.
The sample size was then computed accordmg to the
method described in our study protocol,!*?! revealing the
required total number of cases for sputum biomarker
cohort was 114, including 38 cases of proven/probable
IPA and 76 cases of no IPA. Anticipating a sampling
failure rate of approximately 40% (insufficient or
unqualified sputum samples), cases of no IPA were
expanded to 108.

Statistical analysis

Continuous variables were expressed as the median
(interquartile range) or mean + standard deviation and
compared with the #-test or Mann-Whitney U test where
appropriate. Categorical variables were compared by x*
test or Fisher’s exact test. Patients with proven/probable
IPA were considered reference standard positive and
patients with no IPA were reference standard negative.
The sensitivity, specificity, positive and negative likelihood
ratios, and diagnostic odds ratio including 95% confi-
dence intervals (Cls) were calculated for all diagnostic
tests. Sensitivities and specificities between diagnostic tests
were compared by x? test or Fisher’s exact test. ROC curve
analysis was performed and AUC values (95% Cls) were
computed for BAL, serum, and sputum GM as well as
sputum PCR. AUC values between the diagnostic tests
from dlfferent datasets were compared by using Cleves’s
method.**! Cut-offs for GM, BDG, and PCR tests were
determined accordrng to respective ROC curves, kit
instructions, and previous literature.**'"2°! All determi-
nate test results were included for analysis. P < 0.05 was
considered statistically significant. All analyses were
performed in Stata 15 (StataCorp, College Station, TX,
USA).

Results

Study population

Between August 17, 2016 and May 31, 2019, 3940
admissions were consecutively screened and 3685 admis-
sions were enrolled [Figure 1]. Of 3530 admissions
included in the analysis as the entire cohort, 66 had
proven/probable IPA (four proven, 62 probable) and 3464
had no IPA. Overall, proven/probable IPA had an
incidence of 1.79% (66/3685). Of 127 admissions for
the sputum biomarker subcohort, 38 had proven/probable
IPA (one proven, 37 probable) and 89 had no IPA.

Patients characteristics

Characteristics of the entire cohort are shown in Table 1.
COPD was the most common (61% [40/66]) underlying
respiratory disease among patients with proven/probable
IPA. Approximately, half of the patients with proven/
probable IPA (47% [31/66]) presented less-circumscribed
infiltrate. The majority of patients with proven/probable
(89% [59/66]) IPA received voriconazole treatment during
hospitalization. Characteristics of the sputum biomarker
subcohort were similar to that of the entire cohort

[Table 1].
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Entire cohort

3940 admissions (3237 patients) consecutively screened for eligibility

255 excluded
20 age <18 years
131 no respiratory diseases
> 31 had haematological malignancy
7 receipt of solid organ transplant
34 neutropenia at admission
21 no chest imaging results

11 refused
A 4
3685 admissions (3044 patients) enrolled
155 excluded
b 131 unclassifiable*
18 had CPA
6 had ABPA

\ 4
| 3530 admissions (2891 patients) included in analyses |

v v

66 admissions (66 patients) with 3464 admissions (2825 patients) with
proven or probable IPA no IPA

A4 A4

41 admissions (41 patients) with
proven or probable IPA underwent
sputum induction before antifungals

108 admissions (108 patients) with no
IPAwere randomly selected to
perform sputum induction

22 excluded
7 insufficient sputum volume
L » 15 unqualified sputum samples
6 cell viability <40%
9 squamous cell percentage >50%

A4
ions (127 patients) includ

| 127 admi d in analyses |

v v

38 admissions (38 patients) with 89 admissions (89 patients) with
proven or probable IPA no IPA

Figure 1: Study flow diagram for assessing existing tests vs. novel non-invasive assays
for detection of invasive aspergillosis in patients with respiratory diseases. Unclassifiable
patients were those who fulfilled the clinical criteria but had negative test results or did not
undergo mycological tests. ABPA: Allergic bronchopulmonary aspergillosis; CPA: Chronic
pulmonary aspergillosis; IPA: Invasive pulmonary aspergillosis.

Diagnostic performance of mycological tests

Test results are shown in Table 2. BAL and serum GM
were significantly elevated in proven/probable IPA groups,
in which higher proportion of patients presenting positive
serum BDG and fungal culture were also found (all
P <0.05). Sputum GM index, LFD positive rate,
Aspergillus gene copy numbers from the quantitative
PCR assays and TAFC detectable rate were significantly
higher in proven/probable patients than no IPA paitents
(all P <0.05). Diagnostic performance of mycological
tests is shown in Table 3. Sensitivity of BAL GM (>1.0
optical density index [ODI]: 86% [24/28]) was substan-
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tially hlgher than that of serum GM (>0.5 ODI: 38% [39/
102]) (x*=19. 83 P <0.001), serum BDG (>70 pg/mL:
33% [31/95]) (x* —24 65, P <0.001), and fungal culture
(33% [84/253]) (x> =29. 38 P <0.001). BAL GM (>1.0
ODI) had a specificity of 94% (377/402), which was
comparable to serum GM (>0.5 ODI: 95% [2130/2248])
(x*=0.63, P=0.428), 51gn1ﬁcantly higher than serum
BDG (89% [1878/2106]) (x*=7.90, P=0.005), and
sh;htly lower than fungal culture (98% [4936/5055])
=21.65, P <0.001).

Although sputum GM (>2.0 ODI) had a slightly lower
specificity of 87% (77/89) compared with BAL GM (>1.0

ODI; 94% [377/402]) (x*=5.52, P=0.019), their
sensitivities (84% [32/38] ws. 86% [24/28]) were
comparable (Fisher’s exact P=1.000). The trends

remained when higher thresholds were designated for
sputum GM (>3.0 ODI) and BAL GM (>2.0 ODI)
(specificity: 92% [82/89] vs. 97% [390/402], Fisher’s
exact P 0.060; sensitivity: 63% [24/38] vs. 57% [16/
28], x> =0.24, P=0.621). Sputum LFD had a compara-
ble specificity of9l% (81/89) (x> =0. 89 P=0.345)buta
lower sensitivity of 63% (24/38) (> =4.14, P=0.042)
than BAL GM (>1.0 ODI). Nevertheless it had
s1gn1ﬁcant127 higher sensitivity than serum GM (=0.5
ODI) =6.95, P=0.008), BDG (x>*=10.43,
P= O 001) and fungal culture (X2= 12.70, P < 0.001).
Sputum PCR (>300copies/pL: 40% [15/38]) showed low
sensitivity as that for serum GM (>0.5 ODI) (x*=0.02,
P=0.894). TAFC and bmGT were detectable only in
three and two patients with proven/probable IPA,
respectively.

Thirty sputum samples were tested twice (over 1 week)
with LFD to evaluate inter-assay reproducibility. Twelve
samples were positive and 17 were negative in both
aliquots, while one sample was positive in one aliquot but
negative in another. The inter-assay agreement of sputum
LFD was 97% (29/30). Of 127 sputum LFD tests
performed across the study, five (3.9%) failed on the first
attempt but succeeded on the second attempt, resulting in
a total overall failure rate of 3.8% (5/132). Reproducibil-
ity of other sputum tests has been reported previ-
ously."” ™

ROC analysis

ROC analysis revealed an AUC value of 0.883 (95% CI:
0.812-0.953) for sputum GM for differentiating proven/
probable IPA from no IPA, which was similar to that for
BAL GM (0.901 [0.824-0.977]) (P=0.734), and was
significantly higher than that for serum GM (0.766
[0.712-0.819]) (P =0.009) [Figure 2A].

Clinical utility of mycological tests

Clinical utility of existing and sputum-based tests
including five dimensions (sensitivity, specificity, inva-
siveness, turnaround time, and cost) was summarized by
radar charts [Figure 2B], roughly reflecting the overall
superiority of sputum GM and LFD tests relative to
existing tests.
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Table 2: Results of all studied mycological tests.

Items Proven/probable IPA No IPA Statistics P values
Existing tests
BAL GM index 2.46 (1.12-4.83) 0.15 (0.10-0.28) 7.095" <0.001
Serum GM index 0.32 (0.17-0.72) 0.13 (0.09-0.22) 9.094" <0.001
Serum BDG >70 pg/mL 33% (31/95) 11% (228/2106) 41.628" <0.001
Fungal culture positive 33% (84/253) 2% (119/5055) 623.3337 <0.001
Sputum-based tests
Sputum GM index 4.38 (2.26-5.95) 0.78 (0.43-1.56) 6.630" <0.001
Sputum LFD positive 63% (24/38) 9% (8/89) 41.458" <0.001
Sputum PCR (copies/pL) 178 (32-489) 35 (8-125) 3.495" <0.001
Sputum TAFC detectable’ 8% (3/38) 0 (0/89) _F 0.025
Sputum bmGT detectable! 5% (2/38) 0 (0/89) —F 0.088

Data are presented as median (IQR) or % (n/total). “Z values. |

¥ x* values. ¥ Fisher’s exact test. ¥ Of three samples from patients with proven/probable

IPA detectable for TAFC (above the limit of detection), two were quantifiable and the concentrations were 5.04 ng/mL and 4.28 ng/mL, respectively.
I'Of two samples from patients with proven/probable IPA detectable for bmGT, both were quantifiable and the concentrations were 5.15 ng/mL and
3.67 ng/mL, respectively. BAL: Bronchoalveolar lavage; BDG: (1,3)-B-D-glucan; meT Bis(methylthio)gliotoxin; GM: Galactomannan; IPA: Invasive
pulmonary aspergillosis; IQR: Interquartile range; LFD: Lateral—ﬂow device; PCR: Polymerase chain reaction; TAFC: Triacetylfusarinine C.

Table 3: Diagnostic accuracy of the existing and novel sputum-based tests for invasive pulmonary aspergillosis.

Positive Negative
Sensitivity Specificity likelihood likelihood ratio Diagnostic

Items (95% Cl; n/N) (95% Cl; n/N) ratio (95% Cl) (95% CI) OR (95% ClI)
Existing tests

BAL GM >0.5 ODI 86% (67-96%; 24/28) 88% (84-91%; 352/402) 6.89 (5.10-9.30) 0.16 (0.07-0.40) 42.2 (14.7-121.1)

BAL GM >1.0 ODI 86% (67-96%; 24/28) 94% (91-96%; 377/402) 13.78 (9.16-20.74) 0.15 (0.06-0.38)  90.5 (30.2-268.5)

BAL GM >2.0 ODI 57% (37-76%; 16/28) 97% (95-98%; 390/402) 19.14 (10.06-36.41)  0.44 (0.29-0.68) 43.3 (17.1-110.1)

Serum GM >0.5 ODI 38% (29-48%; 39/102)  95% (94-96%; 2130/2248) 7.28 (5.38-9.86) 0.65 (0.56-0.76) ll 2 (7.2-17.3)

Serum BDG >70 pg/mL 33% (23-43%; 31/95) 89% (88-91%; 1878/2106) 3.01 (2.20-4.13) 0.76 (0.66-0.87) 0 (2.6-6.2)

Fungal culture 33% (27-39%; 84/253)  98% (97-98%; 4936/5055)  14.10 (10.99-18.09)  0.68 (0.63-0.75) 20 6 (15.0-28.3)
Sputum-based tests

Sputum GM >1.0 ODI 92% (79-98%; 35/38) 62% (51-72%; 55/89) 2.41 (1.82-3.19) .13 (0.04-0.38)  18.9 (5.7-62.0)

Sputum GM >2.0 ODI 84% (69 - 94%; 32/38)  87% (78-93%; 77/89) 6.25 (3.63-10.76) 0 18 (0.09-0.38)  34.2 (12.0-97.1)

Sputum GM >3.0 ODI 63% (46-78%; 24/38) 92% (85-97%; 82/89) 8.03 (3.79-17.02) 0.40 (0.26-0.61)  20.1 (7.4-54.4)

Sputum LFD 63% (46-78%; 24/38) 91% (83-96%; 81/89) 7.03 (3.47-14.21) 0.40 (0.27-0.62) 17.4 (6.6-45.7)

Sputum PCR >15 copies/pL 92% (79-98%; 35/38) 34% (24-45%; 30/89) 1.39 (1.17-1.66) 0.23 (0.08-0.72) 5.9 (1.8-19.5)

Sputum PCR >300 copies/uL  40% (24-57%; 15/38) 92% (85-97%; 82/89) 5.02 (2.23-11.31) 0.66 (0.50-0.86) 7.6 (2.8-20.5)

BAL: Bronchoalveolar lavage; BDG: (1,3)-B-D-glucan; CI: Confidence interval; GM: Galactomannan; LFD: Lateral-flow device; ODI: Optical density

index; OR: Odds ratio; PCR: Polymerase chain reaction.

Post hoc analysis

Redefining probable IPA according to the EORTC/MSG
clinical criteria (less-circumscribed infiltrate was excluded
from the diagnostic framework) did not change the
sensitivity of BAL GM, serum GM, BDG, and fungal
culture [Table 4]. Sensitivities of the existing tests were
also not significantly changed when BAL GM, serum GM,
or fungal culture were sequentially removed from the
mycological criteria. In all circumstances, BAL GM had
significantly higher sensitivity (range 86%-100%) than
serum GM (19%-66%), BDG (31%-37%), and fungal
culture (23%-48%), with the exception of serum GM
alone as the mycological criterion for which the 95% Cls
between BAL GM and serum GM overlapped. The limited
sample size for the sputum subcohort precluded us to
evaluate the influence of diagnostic criteria modification
on sputum-based tests.

Discussion

To our knowledge, this is the largest prospective cohort
study to comprehensively assess and compare the
diagnostic and clinical utility of existing mycological tests
and novel sputum-based assays for the detection of IPA in
patients with respiratory diseases. There were three major
findings. First, BAL GM had significantly higher sensitiv-
ity (86%) than serum GM, BDG, and fungal culture, while
maintaining high specificity (94%). Second, sputum GM
showed similar diagnostic performance as BAL GM.
Finally, the sputum Aspergillus LFD test had improved
sensitivity (63%) compared to serum GM, BDG, and
fungal culture.

The three EORTC/MSG recommended tests (BAL GM,
serum GM, and fungal culture) showed sufficient high
specificity (range 94%-98%) to act as reliable rule-in
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Figure 2: Comparison of clinical utility between existing and sputum-based tests. (A) Comparison of overall diagnostic performance between BAL GM, serum GM, sputum GM, and sputum
PCR by ROC curve analysis. The area under the curve values (95% Cl) are shown behind each test. (B) Radar charts were used to contrast the clinical utility of sputum GM and LFD tests
with that of BAL GM, fungal culture, serum GM, and serum BDG respectively on five dimensions: sensitivity, specificity, invasiveness, turnaround time, and cost. Test costs were calculated
according to local (Chengdu) list prices as of 2019 and regular costs on sample collection, processing, and commercial kits. Turnaround time only referred to the minimal time for sample
collection and laboratory procedures indicated in the commercial kits regardless of setting-dependent time for specimen transportation or results reporting, etc. Invasiveness scale:
0 = noninvasive, 1 = invasive. BAL: Bronchoalveolar lavage; BDG: (1,3)-3-D-glucan; Cl: Confidence interval; GM: Galactomannan; IPA: Invasive pulmonary aspergillosis; LFD: Lateral-flow

device; PCR: Polymerase chain reaction; ROC: Receiver operating characteristic.

Table 4: Diagnostic sensitivity of the existing tests by different reference standards for the definition of probable invasive pulmonary

aspergillosis (95% CI; n/N).

Reference standards

BAL GM >1.0 ODI

Serum GM >0.5 ODI

Serum BDG >70 pg/mL

Fungal culture

Clinical criteria .
Modified EORTC/MSG radiological signs
Typical EORTC/MSG radiological signs

Mycological criteria
EORTC/MSG mycological criteria”

BAL GM >1.0 ODI or serum GM >0.5 ODI

86% (67%—-96%; 24/28)
86% (64%-97%; 18/21)

86% (67%—-96%; 24/28

38% (29%—-48%; 39/102)
37% (24%-51%; 19/52)

38% (29%-48%; 39/102)
47% (36%-58%; 39/83)

33% (23%—-43%; 31/95)
35% (23%—49%; 19/54)

33% (23%—43%; 31/95
33% (23%—45%; 24/72

33% (19%-30%; 62/253)
28% (20%-37%; 32/116)

33% (27%—-39%; 84/253
31% (24%-38%; 54/175

)
86% (67%—=96%; 24/28)
89% (71%—-98%; 24/27)

(

(

BAL GM >1.0 ODI or fungal culture (
93% (68%-100%; 14/15)

(

(

(

Serum GM >0.5 ODI or fungal culture
BAL GM >1.0 ODI alone

Serum GM >0.5 ODI alone

Fungal culture alone

89% (71%-98%; 24/27)
89% (52%—-100%; 8/9)
100% (69 %-100%; 10/10)

( ) ( )
( ) ( )
35% (24%—47%3 26/75) 39% | 84/214)
34% (2 ) 39% (3 )
( (
( (
(2 (

32% (21%—-44%; 23/72) 33%—46%:;
4%—-56%; 39/87) 4%—45%; 29185 2%—46%; 84/217
19% (8%-38%; 6/31) 31% (14%-52%; 8/126)  23% (14%-34%; 16/71)

53%=78%; 39159)
22%—-48%; 18/53)

66%
34%

37% (25%—-50%; 22/60)
37% (25%-50%; 24/65)

38% (29%—-47%; 47/124)

(
(
(
45% (3
E
( 48% (41%-56%; 84/174)

" Modified EORTC/MSG radiological signs included typical EORTC radiological signs (dense, well-circumscribed lesion, cavity, and air-crescent sign)

and less-circumscribed infiltrate.

"EORTC/MSG mycological criteria for probable IPA were BAL GM >1.0 ODI, serum GM >0.5 ODI, or a positive

fungal culture. BAL: Bronchoalveolar lavage; BDG: (1,3)-B-D-glucan; CI: Confidence interval; EORTC/MSG: European Organization for Research

and Treatment of Cancer/Mycoses Study Group; GM: Galactomannan;

tests for IPA in patients with respiratory diseases.
However, the sensitivity of serum GM, BDG, and fungal
culture was exceedingly low (<40%), relative to that
in immunocompromised patients of pooled 78%,¢!
range 64% to 81%,”! and range 32% to 50%, (28,291
respectively, which meant approximately two- thirds of
IPA diagnoses would be missed if only a single test was
performed. In contrast, BAL GM had a markedly higher
sensitivity of 86% (>1 0 ODI); similar to that in
immunocompromised (pooled 78%) 1391 3nd non-immu-

IPA: Invasive pulmonary aspergillosis; ODI: Optical density index.

nocompromised (range 65%-97%)>!3! patients. The
huge sensitivity gain was essentially not affected by
applying different clinical or mycological criteria for
case definition in the post hoc analysis. Besides, the low
negative likelihood ratio of 0.15 for BAL GM (>1.0
ODI) [Table 3], which means a negative test result
would reduce the odds of IPA post-test by a clinically
meaningful factor of 6.7 times compared with pre-test,
could help to rule-out IPA and reduce unnecessary use of
antifungals.
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Sputum GM test (>2.0 ODI) showed comparable
diagnostic sensitivity of 84% as BAL GM (>1.0 ODI).
The large AUC value of 0.883 for sputum GM, similar to
that for BAL GM (0.901), indicated the good capability of
this test in the differentiation between proven/probable
IPA vs. no IPA. The low negative likelihood ratio of 0.13
at the threshold of >1.0 ODI [Table 3] also suggests its
clinical value in rule-out of IPA. Given the non-
invasiveness, short turnaround time, and low cost, the
sputum GM test could therefore act as a useful tool for
prompt diagnosis of IPA in respiratory care units. To our
knowledge, none of the currently available tests could
fulfill this role [Figure 2B]. Serum GM, BDG, and culture
are limited by the aforementioned low sensitivity.
Although BAL GM has improved sensitivity, bronchos-
copy is costly, invasive, and occasionally contraindicated.
More importantly, the utlhty of bronchoscopy in the early
phase of IPA diagnosis can be quite limited, as early IPA
manifesting atypical radiological signs (eg, pulmonary
infiltrate) can hardly be distinguishable from community-
acquired pneumonia for which bronchoscopy is generally
recommended for non-response to initial treatment or
intensive care unit admission.*!! Collectively, the sputum
GM test may promote early diagnosis of IPA in respiratory
care units by increasing diagnostic sensitivity and reducing
time to diagnosis.

We also firstly evaluated sputum LFD assay for IPA
diagnosis in our study population, showing a sensitivity of
63% and specificity of 91%. The sensitivity of the LFD
test on sputum is slightly lower than that reported on BAL
(around 80%) for diagnosis of IPA in non-hematological
patients,*** but was still considerably hlgher than that of
serum-based tests and fungal culture in our study. The
sputum LFD test thus has great potential for early
diagnosis of IPA in clinics.

Sputum PCR failed to simultaneously achieve satisfactory
sensitivity and specificity when different cut-offs were
designated. The poor capability of sputum PCR in
discriminating proven/probable from no IPA in patients
with respiratory diseases might be attributed to frequent
airway colonization of Aspergillus, which was indicated
by the high positivity of sputum PCR (ranging 47 %—74%)
in patients with resplrator}; diseases and no evidence of
IPA in previous studies.!?*3!

TAFC and bmGT are secondary metabohtes of Aspergil-
Ius and associated with fungi toxicity.'®'”! We firstly
measured the two compounds in sputum for IPA diagnosis
in non-neutropenic patients, the results of which,
however, were disappointing. The sensitivity of TAFC
assay in serum (28%) or BAL (40%) among hematology
patients was also very low in previous reports.
Although an earlier study reported a sensitivity of 62 % for
serum bmGT assay in hematological patients,!"”! two
recent replicate studies showed conflicting results with
bmGT barely detected in the serum of IPA cases.!*>¢!
Taken together, TAFC and bmGT seem not reliable
biomarkers for IPA diagnosis.

Strengths of our study include the comprehensive
comparison on the diagnostic accuracy and clinical utility

WWW.CIj.org

of existing and novel tests for IPA in a large prospective
and consecutive cohort. The rigorous definition of no IPA,
including observing clinical improvement without receiv-
ing antifungal therapy at discharge to further exclude IPA,
allowed an accurate estimation of test specificity. Finally,
diagnostic accuracy assessment was not affected by
antifungal treatment.

Our study also has several limitations. First, the single-
center design may limit the generalizability of the study
findings although a large amount of data were collected.
Second, the reference standard was modified from the
EORTC/MSG criteria, with pulmonary infiltrate, in
particular, added as a radiological criterion accordlng
to recent proposals.l**! However, our post hoc analysis
showed that diagnostic sensitivities of the existing tests
were not changed when pulmonary infiltrate was removed
from the clinical criteria. Third, sensitivities of BAL GM,
serum GM, and fungal culture might be overestimated as
they were part of the reference standard. However, when
these tests were sequentially removed from the mycologi-
cal criteria, their sensitivities were not decreased corre-
spondingly. Fourth, the clinical utility of sputum GM and
LFD tests required further validation, particularly through
randomized controlled trials (allocating patients into
either conventional diagnostic group or sputum tests
guided diagnostic group) to confirm the effects of their
clinical use on patient outcomes and economy.

In summary, serum GM, serum BDG, and fungal culture
have insufficient sensitivity for the diagnosis of IPA in
patients with respiratory diseases. Sputum-based GM and
LFD tests hold promise as rapid, sensitive, economical,
and non-invasive alternatives to BAL GM in clinical
practice.
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