MYCOLOGY
2024, VOL. 15, NO. 1, 110-119
https://doi.org/10.1080/21501203.2023.2296941

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS | ® check forupdstes

Analytical and clinical validation of multiplex droplet digital PCR assay for
detecting pathogenic fungal infection in lungs

Jian Guo?®?, Wenijie Tian?, Huiping Lin? Liang Hu?, Xuejuan Gao¢, Jiang Xia¢, Hao Yu<, Hui Chend, Wei Li¢
and Wenjuan Wu?

aDepartment of Laboratory Medicine, Shanghai East Hospital, Tongji University School of Medicine, Shanghai, China; ®School of Life Sciences
and Technology, Tongji University, Shanghai, China; Pilot Gene Technologies Company Limited, Hangzhou, China; YDepartment of
Laboratory Medicine, Jiangxi Provincial People’s Hospital Affiliated to Nanchang University, Nanchang, China; ¢Department of Clinical
Laboratory, Qilu Hospital of Shandong University, Jinan, China

ABSTRACT

Pulmonary invasive fungal infection in immunocompromised hosts is difficult to diagnose, and
current tools for diagnosis or monitoring of response to antifungal treatments have inherent
limitations. Droplet digital PCR (ddPCR) has emerged as a promising tool for pulmonary patho-
gen detection with high sensitivity. This study presents a novel ddPCR panel for rapid and
sensitive identification of pulmonary fungal pathogens. First, a ddPCR method for detecting
three fungal genera, including Pneumocystis, Aspergillus, and Cryptococcus, was established and
evaluated. Then, the clinical validation performance of ddPCR was compared with that of gPCR
using 170 specimens, and the 6 specimens with inconsistent results were further verified by
metagenomics next-generation sequencing, which yielded results consistent with the ddPCR
findings. Finally, the area under the ROC curve (AUC) was used to evaluate the efficiency of
ddPCR. While the gPCR identified 16 (9.41%) cases of Aspergillus and 6 (3.53%) cases of
Pneumocystis, ddPCR detected 20 (11.76%) Aspergillus cases and 8 (4.71%) Pneumocystis cases.
The AUC for Aspergillus, Cryptococcus, and Pneumocystis was 0.974, 0.998, and 0.975, respectively.
These findings demonstrated that the ddPCR assay is a highly sensitive method for identifying
pathogens responsible for invasive fungal pulmonary infections, and is a promising tool for early
diagnosis.
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Invasive fungal infections affect approximately 6 out of
100,000 people, annually. However, it is estimated that
only half of such infections are detected during the
patient’s lifetime, making invasive fungal infection
one of the more commonly overlooked causes of
death in intensive-care patients (von Lilienfeld-Toal
et al. 2019; Ratemo and Denning 2023). Current micro-
biological diagnostics frequently fail to identify patho-
gens (Aguilar-Guisado et al. 2011) due to the inhibitory
effect of antimicrobial pretreatment on culture growth
and limited preselected targets of multiplex assays.
The opportunistic fungal pathogen Aspergillus has
attracted increasing attention owing to the detection
of a wide array of Aspergillus species in aspergillosis
patients (Fang and Latgé 2018). The predominant
Aspergillus species detected in aspergillosis patients
(Lockhart et al. 2011; Vivek-Ananth et al. 2018) include

niger, and Aspergillus terreus, which have been fre-
quently detected in the respiratory tract of cystic
fibrosis (CF) patients (de Valk et al. 2009), chronic
obstructive pulmonary disease (COPD) patients
(Everaerts et al. 2018), and lung transplant recipients
(Wu et al. 2023). Moreover, Aspergillus spp. can also
cause chronic, non-invasive infections classified as
chronic pulmonary aspergillosis. Pneumocystis is an
opportunistic fungal pathogen, presenting clinical
importance in  non-HIV immunocompromised
patients, and Pneumocystis pneumonia (PCP) has
been a leading cause of opportunistic fungal infection
and mortality in HIV-infected persons (Bonnet et al.
2005). Currently, patients without HIV infection
account for the majority of cases of PCP in industria-
lised countries (Mikaelsson et al. 2006), and
Pneumocystis infections remain a serious public health
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issue. Pneumocystis jirovecii is characterised by strong
tropism for lungs and airborne host-host transmission
(Nevez et al. 2020). Cryptococcus neoformans is an
encapsulated fungus that widely exists in soil and is
a causative agent for primary pulmonary infection
(Srikanta et al. 2014). It can cause a severe immune
response, especially in immunocompromised hosts,
and early and accurate diagnosis of pulmonary cryp-
tococcal infection is critical to prevent C. neoformans
infections (Park et al. 2009; Kaki 2023).

Currently, conventional examination of pulmonary
fungal infection consists of culture, microscopic
examination, antigen assay, and histopathology
(Fang et al. 2023), with culture being the gold stan-
dard method. However, culture examination, such as
broncho-alveolar lavage fluid (BALF) culture which is
commonly used for detecting fungal pathogens in
infection, is not a sensitive and specific diagnostic
marker and is often time-consuming and requires
a large number of clinical specimens (Saha et al.
2009). Microscopic examination is rapid, but might
produce unclear findings or result in misdiagnosis.
Antigen assay, a non-culture-based method, is widely
used in hospitals and mainly includes the galacto-
mannan test (White et al. 2015; Sehgal et al. 2019)
and beta-D-glucan test (Badiee et al. 2012; Urabe et al.
2017); however, this technique can underestimate the
positive rate and is poor in independent quality con-
trol. Pulmonary histopathology is an invasive method
often used when other conventional diagnostic meth-
ods fail to produce clear results (Wheat et al. 2002).
Recently, PCR, including conventional, nested
(Hoenigl et al. 2014), and quantitative PCR (Guegan
et al. 2018; Springer et al. 2018; Xu et al. 2020), have
been used for the detection of pulmonary fungal
infection. This method is usually rapid, sensitive, and
requires only a small amount of sample, thus making
it a promising alternative to the conventional meth-
ods for the early diagnosis of pulmonary fungal infec-
tion (Setianingrum et al. 2019).

Droplet digital PCR (ddPCR) is a novel technique
based on digital PCR (dPCR) with the droplet generation
chip, which does not require a standard curve and
produces superior quantitative results, especially with
trace and mixed samples (Taylor et al. 2017; Poh et al.
2020). Since the COVID-19 pandemic, ddPCR has
become the preferred technique for virus detection
(Vasudevan et al. 2021). However, research on the appli-
cation of ddPCR for the diagnosis of invasive fungal
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infection is limited. For instance, Zhu et al. (2020) suc-
cessfully demonstrated the sensitivity of ddPCR in
detecting fungal pathogens, but they developed the
technique only to detect the teliospore of Tilletia laevis
in the common bunt of wheat. Similarly, Poh et al. (2020)
developed a ddPCR method that could detect only
A. fumigatus and A. terreus in respiratory specimens
from normal and diseased people. Therefore, in the
present study, we developed a multiplex ddPCR panel
designed by myself for the detection of three genera of
fungal pathogens, including Pneumocystis (namely,
Pneumocystis jirovecii), Aspergillus (namely, A. fumigatus,
A. flavus, A. niger, A. terreus, and A. nidulans), and
Cryptococcus (namely, C. neoformans and C. gattii), in
immunocompromised patients with suspected invasive
fungal pulmonary infection, and comprehensively com-
pared the clinical applications of quantitative real-time
PCR (gPCR) and ddPCR methods for rapid and accurate
detection of fungal pathogens. The inconsistent results
obtained were verified by metagenomics next-
generation sequencing (MNGS). The findings of the pre-
sent study demonstrated that our developed multiplex
ddPCR method could be a potential tool for the detec-
tion of clinically invasive fungal pulmonary infections.

2. Materials and methods
2.1. Patients and samples

We organised a prospective multicenter cohort study
at three medical centres, including East Hospital,
Jiangxi Provincial People’s Hospital, and Qilu
Hospital of Shandong University in China. Our study
was approved by the Ethics Committee of East
Hospital of Tongji University [(2021)Yanshen(063)].
A total of 170 patients with clinically suspected inva-
sive fungal pulmonary infection were registered in
our study from December 2020 to December 2021.
The diagnosis of possible, probable, and proven inva-
sive fungal pulmonary infections was based on host,
clinical, and mycological criteria according to the defi-
nitions provided in EORTC/MSG. Informed consent
was directly obtained from the patients or their rela-
tives for sample collection. The following clinical
information was recorded for each patient: underlying
disease (haematological malignancies, autoimmune
disease, pneumonia, malignant tumour, diabetes mel-
litus, and other diseases), radiological signs, and with
or without treatments.
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Spontaneously expectorated BALF samples from
deep cough were collected and examined whenever
cultures were obtained on clinical indications (i.e. at
the discretion of the attending physician). The samples
were anonymised for both patient characteristics and
corresponding culture results by using coded identifiers,
and stored at 4 °C for a maximum of 24 h before further
processing.

2.2. Nucleic acid extraction

The DNA was extracted using DNA Extraction Kit
(iGeneTec, Shanghai, China) following the manufac-
turer’s instructions. A total of 0.2 mL of nucleic acid
extraction solution (thoroughly mixed before use) and
1 tube of extracted solids were added to the BALF
samples in 1.5 mL centrifuge tube (the solids were
removed), and vortexed at high speed in a shaker for
5 min. After instant centrifugation, the samples were
heated in a dry bath at 100 °C for 5min, and then
centrifuged at 12,000 r/min for 2 min. The supernatant
obtained was transferred to a new 1.5mL tube and
stored at — 20 °C until further use.

2.3. Detection of fungal pathogens by ddPCR

Figure 1 illustrates our developed ddPCR method for
the detection of fungal pathogens in BALF samples.
First, the samples prepared were tested using a self-
designed commercial kit (Invasive Fungi Detection Kit
targeting Pulmonary Infection, Pilot Gene Tech.,
Hangzhou, China). Then, ddPCR analysis was per-
formed using 5-fluorescent-channel ddPCR system
(Pilot Gene Tech. Hangzhou, China). The whole process
included sample preparation (30-40 min), droplet gen-
eration (20 min), PCR amplification (60 min) and read-
ing analysis (30 min). In brief, 5L of DNA template
were added to 10 uL of the ddPCR premix, which
comprised detection primers, probes, and necessary
components for PCR amplification. The reaction mix-
ture was gently mixed and added into a ready-to-use
disposable plastic chip, and about 20,000 water-in-oil
emulsion droplets were generated inside the chip
using a droplet generator (AD16, Pilot Gene Tech.).
Then, the chip was amplified in a thermal cycler
(AD16, Pilot Gene Tech.) under the following cycling
parameters: 95 °C for 5 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 30 s. Finally, the chip was
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Figure 1. Detection of invasive pulmonary fungal infection by droplet digital PCR (ddPCR).



loaded into a chip scanner (AD16, Pilot Gene Tech.) for
fluorescence signal reading and further data analysis.

2.4. Pathogens detection by qPCR

The fungal pathogens were also detected by gPCR assay
using the commercial PCR kit. Each reaction mix con-
tained 10 uL of PCR mix, 1 pL of forward and reverse
primers, 0.5 uL of probe, and 4 uL of DNA template to
obtain a final volume of 20 pL. The reactions were per-
formed with the PCR system under the following con-
ditions: 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 s and annealing/extension
at 57 °C for 30 s. The result was considered valid only
when the cycle threshold (Ct) value of the reference
gene was < 40, positive when the Ct values of both
the target genes were < 36, and negative when the Ct
values of both the target genes were > 36.

2.5. mNGS and data analysis

The BALF specimens were collected from patients
according to standard operating procedures. The
total DNA was extracted using TIANamp Micro DNA
Kit (DP316, Tiangen Biotech, Beijing, China), according
to the manufacturer’s instructions, and used for DNA
library construction through DNA fragmentation (150
bp), end repair, adapter ligation, and unbiased PCR
amplification. The Qubit dsDNA HS Assay Kit (Thermo
Fisher Scientific, Lenexa, KS, USA) was utilised for qual-
ity control of the DNA libraries (200-300 bp). After the
removal of low-complexity reads according to Prinseq
(version 0.20.4), the remaining sequences were phylo-
genetically classified by aligning to PMDB, downloaded
from NCBI (ftp.ncbi.nlm.nih.gov/genomes/).

2.6. Limit of blank and limit of detection of ddPCR

A total of 60 negative BALF samples were used as
blank control for calculating the limit of blank (LoB),
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as described in EP17-A2. If the results of the blank
samples exhibited normal distribution (Pneumocystis
and Cryptococcus), a parametric approach was used
for LoB analysis; otherwise, a nonparametric approach
(Aspergillus) was employed. The target pathogens
were quantified and added to the negative BALF
samples for calculating the limit of detection (LoD)
of ddPCR, as described in EP17-A2. If LoB =0, probit
regression was used to analyse LoD, and if LoB = 0,
a classical approach was utilised for LoD analysis
(EP17-A).

2.7. Statistical analysis

The ddPCR data were analysed using Gene DPT software
(Pilot Gene Tech.). The threshold for target detection
was 3 copies/pL, according to the manufacturers’
instructions of the assay panels. The ddPCR was consid-
ered as positive if the concentration was higher than the
threshold. Comparative analysis was conducted using
Pearson x> test, McNemar test, or Fisher exact test (all
the tests were 2-tailed), with P < 0.05 indicating signifi-
cant values. The correlation between the Ct values of
gdPCR and ddPCR was analysed using Spearman correla-
tion test, and P <0.05 (two-sided) was considered to
denote statistical significance. All the statistical analyses
were performed using GraphPad.

3. Results
3.1. Target pathogens of ddPCR

The target pathogens of ddPCR comprised three fun-
gal genera, which were detected by different fluores-
cence channels (Table 1). Pneumocystis (namely,
P. jirovecii) was detected by the FAM fluorescence
channel; Aspergillus (including A. fumigatus, A. flavus,
A. niger, A. terreus, and A. nidulans) was detected by
the ROX fluorescence channel; and Cryptococcus
(namely, C. neoformans and C. gattii) was detected
by the CY5 fluorescence channel.

Table 1. Target pathogens detection for droplet digital PCR (ddPCR).

Target pathogens

Fluorescence channel Genus
FAM Pneumocystis

ROX Aspergillus

CY5 Cryptococcus

Pneumocystis jiroveci

Aspergillus fumigatus / Aspergillus
flavus / Aspergillus
niger / Aspergillus terreus /
Aspergillus nidulans

Cryptococcus neoformans /
Cryptococcus gattii
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3.2. Assessment of the specificity of ddPCR

A silicon test using a basic local alignment search tool
revealed that all the primers used were highly specific to
different strains of Pneumocystis, Aspergillus, and
Cryptococcus. In addition, ddPCR examination of 16
kinds of bacteria: Acinetobacter baumannii, Escherichia
coli, Klebsiella pneumonia, Pseudomonas aeruginosa,
Enterococcus  faecalis,  Enterococcus  faecium,
Staphylococcus aureus, Streptococcus pneumoniae,
Staphylococcus capitis, Staphylococcus epidermidis,
Staphylococcus haemolyticus, Staphylococcus hominis,
Enterobacter cloacae, Proteus mirabilis, Serratia marces-
cens, and Stenotrophomonas maltophilia; 28 kinds of
fungi: Candida albicans, Candida glabrata, Candida para-
psilosis, Candida tropicalis, Candida Krusei, Candida guil-
liermondii, Saccharomyces cerevisiae, Mucor racemosus,
Mucor circinelloides, Rhizopus arrhizus, Trichosporon
asahi, Pneumocystis jirovecii, Nocardia farcinica,
Nocardia cyriacigeorgica, Nocardia abscessus, Nocardia
brasiliensis, Nocardia otitidiscaviarum, Aspergillus fumiga-
tus, Aspergillus flavus, Aspergillus niger, Aspergillus terreus,
Aspergillus  nidulans,  Cryptococcus  neoformans,
Cryptococcus gattii, Penicillium marneffei, Penicillium
rubens, Penicillium goetzii, and Penicillium chrysogenum
by ddPCR, only target pathogens was detected by cor-
responding fluorescence channel and no cross reaction
was found using the primers and probes of this panel.
These results demonstrated that the primers and probes
of our developed ddPCR panel were highly specific to
our target pathogens.

3.3. Evaluation of LoB, LoD, precision, and linearity
range of ddPCR

The LoB values for Pneumocystis, Aspergillus, and
Cryptococcus were 0, 15, and 0 copies/test, respec-
tively, while the LoD values for the corresponding
genera were 3, 35, and 3 copies/test, respectively
(Table 2). Precision experiments performed with
BALF samples spiked with quantified target patho-
gens revealed 20 strongly positive and 20 weakly
positive samples for each target pathogen. As
shown in Figure 2, the variation coefficients of

Table 2. The result of limit of blank (LoB) and limit of detection (LoD).
Genus

LoB (copies/test) LoD (copies/test)

Pneumocystis 0 3
Aspergillus 10 35
Cryptococcus 0 3

the three fluorescence channels with strong posi-
tive samples were ROX =3.42, FAM =4.28, and CY5
=3.12, respectively, while those of the three fluor-
escence channels with weak positive samples were
ROX =4.95, FAM =6.16, and CY5=3.51,
respectively.

Ubsequently, the target pathogen suspensions
were used as templates to determine the linear
range by measuring the optical density (OD) of
the microbial cells at 600 nm (0.1 < OD < 1.0), enu-
merating the number of microbial cells, calculating
the correlation coefficient between the OD value
for each genus and number of microbial cells, and
quantifying the microbial cells of each genus using
the OD value and correlation coefficient. The
ddPCR was performed using two-fold serially
diluted microbial suspension for each genus from
20,000 to 600 CFU/mL, and each concentration was
tested in triplicate. The results showed that the
slope for Aspergillus, P. jirovecii, and Cryptococcus
was 1.0145, 0.999, and 0.9999, respectively
(Figure 3).

3.4. Comparison of ddPCR and qPCR performance

A total of 170 BALF specimens from 170 patients with
suspected invasive pulmonary fungal infection were
analysed by ddPCR and qPCR. The ddPCR results
showed that 11.76% (20/170) specimens were
Aspergillus-positive and 88.24% (150/170) specimens
were Aspergillus-negative, whereas gqPCR findings
revealed 9.41% (16/170) specimens were Aspergillus-
positive and 90.59% (154/170) specimens were
Aspergillus-negative. Furthermore, 4.71% (8/170) and
95.29% (162/170) specimens were found to be
Pneumocystis-positive and Pneumocystis-negative
using ddPCR, respectively, while 3.53% (6/170) and
94.67% (164/170) specimens were noted to be
Pneumocystis-positive and Pneumocystis-negative
using qPCR, respectively.

The positive coincidence rate between ddPCR
and gPCR was 80% for Aspergillus detection and
66.67% for Pneumocystis detection, whereas the
negative coincidence rate between the two meth-
ods was 100% for both Aspergillus and Pneumocystis
detection. The k value between ddPCR and gPCR for
Aspergillus and Pneumocystis detection was 87.59%
and 85.11%, respectively (Table 3). The six speci-
mens with inconsistent results between ddPCR and



B

o

o
I

Copies (uL)
w
3

300+
CV =3.42 CV =4.28 CV =3.12
250 v
ROX FAM CY5
Samples

MYCOLOGY 115

1004
jry
=
[}
2
g- 80
o
CV =4.95 CV =6.16 CV =3.51
60 T
ROX FAM CY5
Samples

Figure 2. Specificity of droplet digital PCR (ddPCR) in detecting the target pathogen DNA. (a) Strong positive. (b) Weak positive.

Table 3. The coincidence rate of detection results detected by Droplet digital PCR (ddPCR) and quantitative real-time PCR (gPCR).

Positive coincidence (%) Negative coincidence (%) K (%)
Aspergillus 80.00 100.00 87.59
Pneumocystis 66.67 100.00 85.11

Table 4. The inconsistent results between droplet digital PCR (ddPCR) and quantitative real-time PCR (qPCR) were verified by

metagenomics next generation sequencing (mNGS).

ASP DNA for gPCR PJ DNA for gPCR

Specimen No. ASP DNA for ddPCR (copies/test) PJ DNA for ddPCR (copies/test) (Ct value) (Ct value) mNGS
Patient 1 51 0 Undetermined Undetermined Aspergillus-positive
Patient 2 42 0 Undetermined Undetermined Aspergillus-positive
Patient 3 46.5 0 Undetermined Undetermined Aspergillus-positive
Patient 4 435 0 Undetermined Undetermined Aspergillus-positive
Patient 5 35 315 Undetermined Undetermined Pneumocystis-positive
Patient 6 2.75 27 Undetermined Undetermined Pneumocystis-positive
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Figure 3. Dynamic target pathogen DNA detection range of droplet digital PCR (ddPCR). (a) Aspergillus. (b) Pneumocystis jirovecii. (c)

Cryptococcus.

gPCR were further verified by mNGS, and the results
revealed that patients 1-4 were Aspergillus-positive,
whereas patients 5 and 6 were Pneumocystis-
positive (Table 4), which were consistent with the
ddPCR results.

3.5. Evaluation of the fungal pathogen detection
efficiency of ddPCR

A total of 154 specimens from 126 patients with
clinical diagnosis data were collected for ddPCR
detection, and the receiver operating characteristic

(ROC) methodology was used for the analysis of the
results. The area under the ROC curve (AUC) for
Aspergillus genus was 0.974 [95% confidence interval
(Cl)=0.995-1; P < 0.0001] and the optimal cut-off was
36.8 copies/test, with 84.6% sensitivity and 98.3%
specificity; the AUC for Cryptococcus genus was
0.998 (95% Cl =0.955-0.993; P < 0.0001) and the opti-
mal cut-off was 2.105 copies/test, with 100% sensitiv-
ity and 97.9% specificity; and the AUC for
Pneumocystis genus was 0.975 (95% Cl=0.921-1; P
< 0.0001) and the optimal cut-off was 5.22 copies/test,
with 95.2% sensitivity and 100% specificity (Figure 4).
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Pneumocystis jirovecii.

4. Discussions

With an increasing number of patients at risk of inva-
sive fungal infections and associated high mortality,
there is an urgent need for the development of rapid
and accurate diagnostic tools. Molecular techniques,
including DNA probes (Laurent et al. 1996), PCR-RFLP
molecular analysis (Brown et al. 2004), and DNA
sequencing (Roth et al. 2003), have achieved rapid
and precise identification of pathogens. Although
conventional PCR presents higher sensitivity than
microscopic observation, it possesses low specificity
and low positive predictive value, which limits its
application in clinical practice (Fujisawa et al. 2009).
ddPCR allows precise quantification of nucleic acids,
facilitating measurement of small percentage differ-
ences and quantification of rare variants. Moreover,
ddPCR produces more reproducible results and is less
susceptible to inhibition than gPCR. In the present
study, we established a ddPCR method for the detec-
tion of three fungal genera in respiratory specimens
and evaluated its analytical performance in identify-
ing the DNA of the target pathogen. The TagMan
primer and probe sets were designed and their
specificities were verified, and the primer probe of
a single genus was detected by multiple templates.
After amplification, only the channel with the primer
probe presented positive droplets, and the contrast
between the positive droplet and negative droplet
was not significantly different from that of the system
with the corresponding single template. Furthermore,
with respect to multiple primer probes with a single

template, only the channel where the template was
added exhibited positive droplets after amplification,
and the contrast between the positive droplet and
negative droplet showed no difference from that of
the single primer probe with a single template,
indicating that the amplification between different
channels did not affect each other and there was no
cross-hybridisation. Moreover, the application of our
developed ddPCR system to detect the genomic
DNAs of some common pulmonary invasive bacterial
and fungal pathogens produced negative test results,
demonstrating that the probe did not show cross-
hybridisation (data not shown). These findings
revealed that our developed ddPCR method has
high specificity.

Aspergillus has emerged as one of the most common
causes of infectious death in severely immunocompro-
mised patients (Latgé and Chamilos 2019). Among
chronic lung diseases, COPD is associated with the high-
est Pneumocystis colonisation, reaching 37%-55%
(Calderdn et al. 2007). The diagnosis of Pneumocystis
pneumonia mostly depends on the microscopic evi-
dence of the characteristic organism in the respiratory
specimens such as BALF or induced BALF (Catherinot
et al. 2010).

In the present study, comparison of the clinical per-
formance of our developed ddPCR method with that of
gPCR in detecting three pathogenic fungal genera in
BALF specimens showed that ddPCR and qPCR consis-
tently detected 97.65% (166/170) Aspergillus-positive
BALF specimens and 98.82% (168/170) Pneumocystis-
positive BALF specimens, implying that both these
methods exhibit highly coherent results; however,



ddPCR exhibited higher detection rate than gPCR
(Table 3). The six BALF specimens that presented incon-
sistent results were further examined by mNGS, and the
findings were consistent with the ddPCR results
(Table 4). As the gPCR test kit did not cover
Cryptococcus and Nocardia, the positive and negative
coincidence rates were not included in this study
(Zheng et al. 2021). Furthermore, ddPCR and qPCR
were coherent in detecting 78.37% (29/37) P. jirovecii-
positive BALF samples, with ddPCR capable of detecting
very low levels of P. jirovecii which were undetectable by
qPCR.

In addition, we also investigated the clinical perfor-
mance of ddPCR method through ROC curve (Figure 3),
and the cut-off value for ddPCR was confirmed using
ROC curve analysis. The AUC and cut-off value indicated
that the accuracy of ddPCR is very high. A previous
research on in-time detection of pathogens in the early
stage of sepsis in two cases using ddPCR showed that
ddPCR is clinically valuable owing to its high sensitivity
and short turnaround time, facilitating ultra-early diag-
nosis and guidance of medication (Lin et al. 2022).
Furthermore, evaluation of the development and clinical
validation of a ddPCR method for the detection of
Acinetobacter baumannii and Klebsiella pneumonia sug-
gested that ddPCR was sensitive and rapid in identifying
these pathogens with a specificity of 100% for each
strain (Zheng et al. 2021). Similarly, Zhou et al. (2021)
also demonstrated that ddPCR assay is a rapid and sen-
sitive method for detecting infections with short turn-
around time and high sensitivity, which could be very
useful for early diagnosis of infections and treatment
optimisation.

5. Conclusions

In conclusion, we developed a novel ddPCR method
to detect four major fungal pathogens in patients
with suspected invasive pulmonary fungal infection.
Clinical validation revealed that our developed
method outperformed the qPCR method in specifi-
city, sensitivity, and turnaround time, serving as
a promising technique for early and accurate diagno-
sis of invasive pulmonary disease. However, this pilot
study only included four pathogens responsible for
invasive pneumonia; therefore, more clinically impor-
tant pathogens must be investigated in future
studies.
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