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ABSTRACT We aimed to validate the performance of ddPCR-GNB, a plasma droplet
digital PCR panel targeting the four most common gram-negative bacteria, for patients
with suspected bloodstream infection (BSI). Patients suspected of having BSls were
prospectively enrolled. The results of blood culture and ddPCR-GNB were compared, and
cases with discordant results were arbitrated on the basis of additional microbiological
results and clinical evidence. A total of 1,041 patients were enrolled. Blood culture and
ddPCR-GNB results were positive for targeted bacteria in 6.3% and 31.7% of patients,
respectively. The overall per-patient sensitivity and specificity of ddPCR-GNB for proven
BSlIs were 98.5% (95% Cl, 91.9% to 99.9%) and 72.8% (95% Cl, 69.9% to 75.5%), respec-
tively; the negative predictive value was 99.9% (95% Cl, 99.2% to 100%). The discordant
results included 265 cases (25.5%) with negative companion blood culture results but
positive ddPCR-GNB results and one case vice versa. A total of 23.7% of the cases
were attributed to probable (n = 126) or possible (n = 121) BSls. If both probable and
possible BSIs were assumed to be true positives, the per-patient specificity of ddPCR-GNB
would be 97.5%. The ddPCR-GNB panel demonstrated excellent microbial diagnostic
performance in identifying targeted bacteria for patients with suspected BSI.

IMPORTANCE This is the first multicentral study to validate the clinical performance of
ddPCR in etiological diagnosis of bloodstream infection. The results showed that ddPCR
has high sensitivity and increased detection rate compared with blood culture. The study
proved the potential of the ddPCR method in microbial diagnoses.

KEYWORDS bloodstream infection, rapid diagnosis, droplet digital PCR

loodstream infection (BSI) is one of the most severe types of infectious diseases

caused by pathogenic microorganisms invading the bloodstream and can lead to
multiple organ failure, disseminated intravascular coagulation, septic shock, and even
death (1-3). BSI and associated sepsis/septic shock always lead to poor outcomes,
especially when appropriate antimicrobial therapy and source control are delayed (2).
A meta-analysis of the incidence and mortality of adult sepsis revealed that the annual
incidence rates of hospital-treated sepsis and severe sepsis were 288 and 148 per
100,000 person-years from 1979 to 2015, and the mortality rates reached 17% and 26%,
respectively (4).

Early diagnosis and administration of appropriate antimicrobials are key factors for
reducing the high mortality rate of BSIs (2). Blood culture (BC), the current “gold
standard” for diagnosing BSls, usually takes days (5), leading to a significant delay in
targeted therapy. Therefore, in addition to BC, developing molecular diagnostic methods
that are both rapid and accurate is a top priority. Most of these methods are based
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on blood culture methods, such as hybridization-based QuickFISH, matrix-assisted laser
desorption ionization-time of flight mass spectrometry, and FilmArray blood culture
identification (6-8), which are still time-consuming. Recently, the T2Bacteria Panel has
been proven to be one of the most successful culture-independent molecular diagnostic
methods for diagnosing BSIs caused by five common bacteria (9). In addition, digital
polymerase chain reaction (dPCR), which is less affected by PCR reaction inhibitors,
such as certain blood components, than quantitative PCR (qPCR), is also a promising
technique for developing culture-independent molecular diagnostics (10, 11). Droplet
dPCR (ddPCR) achieves high sensitivity through quantifying nucleic acid molecules at the
single molecule level and has now been used to detect pathogens (10).

According to data from the China Antimicrobial Surveillance Network (12), the top
eight causal pathogens of BSIs were Escherichia coli, Klebsiella pneumoniae, coagulase-
negative Staphylococci, Staphylococcus aureus, Enterococci, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Streptococcus. In this study, we used a multiplex drop-
let dPCR panel, named ddPCR-GNB, to detect the four most common gram-negative
bacteria (E. coli, K. pneumoniae, A. baumannii, and P. aeruginosa), and we aimed to
validate the performance of its microbial diagnosis for patients with suspected BSls.

MATERIALS AND METHODS
Study design and participants

This study was a prospective, multicenter study performed to validate the microbial
diagnostic application of ddPCR-GNB for suspected BSls. The study was conducted in
four departments of intensive care, hematology, emergency, and infectious diseases
from five tertiary hospitals from December 2020 to April 2022.

Patients for whom two sets of diagnostic blood cultures were ordered upon the
suspicion of BSls according to the physician’s discretion and who had sequential organ
failure assessment (SOFA) score increases >2 points or quick SOFA (qSOFA) score
increases of >2 points were included. When SOFA and qSOFA scores were tempora-
rily unavailable, patients were also considered eligible when one of the following
clinical presentations or laboratory results was met: (i) chills, (ii) fever (body tempera-
ture >38.3°C) or hypothermia (body temperature <36.0°C), (i) WBC >12 x 10° /L or
WBC <4 x 10° /L or immature granulocytes >10%, or (iv) PCT >1 ng/mL. Patients with
the following conditions were excluded: (i) who did not meet the criteria of suspected
BSI, (ii) who refused to draw blood or participate in this study, and (iii) who lacked
patient-related clinical information in the electronic medical record system.

None of the included cases were duplicated. The study was approved by the Ethics
Committee of our institution (20200818-7), and written informed consent was obtained
from each participant or their legal representative.

Blood culture

Two sets of blood culture bottles (two aerobic bottles and two anaerobic bottles)
were collected from two different venipuncture sites for each patient. The volume of
blood collected in each bottle was 8-10 mL. Standard-of-care microbiology cultures
were obtained at every institution. All the isolates were identified via matrix-assisted
laser desorption ionization-time of flight mass spectrometry (Bruker Daltonics, Bremen,
Germany).

Plasma DNA extraction and ddPCR

At least 4 mL of whole blood sample (ethylenediaminetetraacetic acid blood collection
tubes) was obtained from one of the venipuncture sites for blood culture testing at
the same time, so the blood cultures were defined as companion BCs. The plasma was
immediately isolated after centrifugation at 1,600 x g and 22°C for 15 min. Plasma DNA
extraction was completed within 1 h from 2 mL of plasma via a magnetic serum/plasma
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DNA kit (TIANGEN Biotech, Beijing, China) and an Auto-Pure 20B nucleic acid purifica-
tion system (Hangzhou Allsheng Instruments Company, Hangzhou, China) following the
manufacturer’s protocol. DNA was eluted in 50 uL of elution buffer and used for the
ddPCR assay.

The primers and probes were designed according to the four targeted gram-negative
bacteria (E. coli, K. pneumoniae, A. baumannii, and P. aeruginosa; Table S1). The ddPCR test
was performed via the Droplet Digital PCR System (Pilot Gene Technology, Hangzhou,
China) according to the manufacturer’s instructions. Briefly, 5 puL of extracted DNA
sample was added to 10 pL of ddPCR premix, which included primers, probes, a dNTP
mixture, Taq polymerase, and other necessary components for PCR amplification. The 15
pL mixture was added to a microfluidic chip and loaded into a DG32 droplet generator
for droplet generation. The chips were then amplified in a TC1 thermal cycler with the
following thermal cycling parameters: 95°C for 5 min, followed by 40 cycles of 95°C
for 15 s and 60°C for 30 s. Next, the chips were transferred to a CS5 chip scanner for
fluorescence signal reading and data analysis via GenePMS software (v2.0.01.20011). The
synthesized target DNA fragment was used as a positive control, and DNase-free water
was used as a negative control. A synthesized fragment of porcine herpes virus was used
as an internal control.

Sanger sequencing

In cases where ddPCR-GNB and blood culture results were inconsistent, the gene
fragment of the target pathogen was amplified via nested primers and validated
via Sanger sequencing (results shown in Table S2). Both rounds of nested PCR were
performed in a 20 pL reaction system. The reaction mixture contained 1 pL of template
DNA, 0.5 pL of 10 uM forward and reverse primers, and 4 pL of 5 x PCR mixture. The
thermal cycle parameters included 95°C for 5 min; 35 cycles of 95°C for 20 s, 58°C for
30 s, and 72°C for 30 s; and a final extension for 5 min at 72°C. The PCR products
were analyzed via 1.5% agarose gel electrophoresis and cleaned with a PCR purification
kit. Sanger sequencing was performed with the forward and reverse primers of the
second round of PCR on an ABI 3730XL DNA Analyzer (Applied Biosystems) via BigDye
Terminators V3.1 according to the manufacturer’s instructions.

Clinical data collection and definitions

Clinical information of the enrolled cases was reviewed and collected, including
demographics, underlying diseases, clinical manifestations, antimicrobial treatments,
culture results, and patient outcomes at discharge.

“Proven BSI” referred to a positive and consistent companion blood culture result. A
“probable BSI” was defined as a negative companion blood culture result but a positive
ddPCR-GNB result if the ddPCR-detected microorganism was clinically consistent and
was isolated within 15 days from another clinical blood culture specimen or from a
specific site (such as the lungs, abdomen, local abscess, or urine). “Possible BSI” was
defined as negative companion blood culture results and other supporting culture
results but positive ddPCR-GNB results if the detected microorganism was clinically
consistent and confirmed by Sanger sequencing. Otherwise, a positive ddPCR-GNB result
was considered a “putative false positive.”

Polymicrobial bloodstream infection was defined as a plausible clinical episode in
which more than one microorganism was detected by either ddPCR-GNB or blood
culture; only the four targeted gram-negative bacteria were evaluated in this study.

Statistical analysis

The primary outcomes were the sensitivity and specificity of the ddPCR-GNB panel,
which were calculated via the “gold standard,” i.e., positive blood culture results (i.e.,
proven BSI) were used as the reference. Discordant (negative blood culture and positive
ddPCR-GNB results or vice versa) cases were further investigated and analyzed according
to the criteria of probable, possible, and putative false-positive BSls defined above.
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Since this study detected four types of bacteria, more than one of the four bacteria
may be detected in the same patient. Therefore, for the results, we performed data
analysis based on the patient-based method and the bacteria-based method, which
were expressed as per-patient and per-assay in the text, respectively. For per-patient
calculations, each patient’s sample was considered positive or negative based on the
results for the four microorganisms in the ddPCR-GNB panel; i.e., if any of the four
microorganisms were detected in the sample, it was classified as positive for that
specific patient. For the per-assay calculations, the results for individual organisms in
each sample were considered separately. The per-assay results of ddPCR are shown in
Table S3.

Sensitivity, specificity, positive predictive values (PPV), and negative predictive values
(NPV) were calculated according to the following formulas: Sensitivity = Number of
true positives / (Number of true positives + Number of false negatives)*100%, Specific-
ity = Number of true negatives / (Number of true negatives + Number of false posi-
tives)*100%, PPV = Number of true positives / (Number of true positives + Number of
false positives)*100%, and NPV = Number of true negatives / (Number of true negatives +
Number of false negatives)*100%.

Statistical analysis was performed with Prism 8.4.3 software (GraphPad Software,
San Diego, CA, USA). Continuous variables are expressed as the means and standard
deviations (SDs) and were compared through t-tests or Mann—Whitney tests. Categorical
variables are reported as percentages and were compared through the chi-square test.
Multiple group comparisons were performed via the Kruskal-Wallis test. Differences
were considered statistically significant if P values were <0.05.

RESULTS
Patient enrollment and BC results

A total of 1,051 patients were consecutively recruited from December 2020 to April 2022,
and 10 patients were excluded, resulting in the final enrollment of 1,041 patients in the
study (Fig. 1).

The mean patient age was 63.4 = 16.1 years, and 65.0% (677 of 1,041) were men.
Most patients were enrolled in the intensive care unit (73.0%), followed by the infec-
tious diseases department (12.7%). A significant increase in the inflammatory index
was observed, with average values of 11.0 ng/ml for procalcitonin and 136.4 mg/L for
C-reactive protein. The majority (70.9%) showed improvement or stability at discharge,
whereas others experienced deterioration or death (Table 1).

In general, blood cultures were positive in 10.3% (107 of 1,041) of the patients (Table
2). Among them, the microorganisms included in the ddPCR-GNB panel were identified
in 66 patients (6.3% of all patients), and only 1 patient was positive for multiple bacteria
(K. pneumoniae and A. baumannii). The most frequently isolated bacterium in BC was K.
pneumoniae (n = 33). The untargeted isolates are listed in Table S4. Only three strains
of S. aureus were isolated. Coagulase-negative staphylococci were recovered from 10.3%
(11 of 107) of positive blood cultures, a substantial portion of which were classified as
contaminants according to routine clinical experience.

Microbial performance and clinical significance of the ddPCR-GNB panel

In our study, 31.7% (330/1,041) of the samples reported positive by ddPCR-GNB, and
a total of 403 bacterial species were identified (Table 2), which is 6 times the number
detected by blood culture. Among the positive ddPCR-GNB results, K. pneumoniae (n =
147) and E. coli (n = 148) were most frequently detected, followed by A. baumannii (n =
74) and P. aeruginosa (n = 34).

The performance of ddPCR-GNB, with proven BSI caused by the targeted bacteria as
the reference, is summarized in Table 3. Both per-patient and per-assay analyses were
conducted. The first four columns of data are calculated based on per-assay, showing the
detection efficacy of ddPCR for the four bacteria, and the last column is calculated based
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FIG 1 Flowchart of patient enrollment and combined results of blood culture and ddPCR-GNB. * In 12 samples, a second ddPCR-targeted organism was
identified that was not identified in the companion BC. In four samples, a third ddPCR-targeted organism was identified. Therefore, 85 organisms were identified
in 65 positive samples. ** In 21 samples, a second ddPCR-targeted organism was identified that was not identified in the companion BC. In four samples, a
third ddPCR-targeted organism was identified. In one sample, a fourth ddPCR-targeted organism was identified. Therefore, 158 organisms were identified in
126 positive samples. *** In 18 samples, a second ddPCR-targeted organism was identified that was not identified in the companion BC. In one sample, a
third ddPCR-targeted organism was identified. Therefore, 141 organisms were identified in 121 positive samples. **** In one sample, a second ddPCR-targeted

organism was identified that was not identified in the companion BC. Therefore, 19 organisms were identified in 18 positive samples.

on per-patient, showing the overall detection efficacy. The combined results of blood
culture and ddPCR-GNB are shown in Fig. 1.

BC and ddPCR-GNB results were both positive in 65 patients, both negative in
710 patients, and discordant in 266 patients. The level of agreement between BC and
ddPCR-GNB was 74.5% (775/1,041). The overall sensitivity and specificity of ddPCR-GNB
were 98.5% (65/66) (95% Cl, 91.9% to 99.9%) and 72.8% (710/975) (95% Cl, 69.9%
to 75.5%), respectively. The positive predictive value and negative predictive value of

TABLE 1 Patient demographics and clinical characteristics

Characteristics Value
Age at diagnosis (mean + SD) 63.4+16.1
Male 677 (65.0%)
Antibiotic treatment before sampling 913 (87.7%)
Ward
Intensive care unit 760 (73.0%)
Infectious diseases department 132 (12.7%)
Emergency department 80 (7.7%)
Hematology department 69 (6.6%)
Laboratory findings (mean + SD)
Procalcitonin (ng/mL) 11.0 +£20.9
C-reactive protein (mg/L) 136.4+89.0
White blood cell count (10° /L) 129+16.5
Neutrophil percentage (%) 822+17.5
Clinical outcome at discharge
Improved or stable 738 (70.9%)
Deteriorated or dead 296 (28.4%)
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TABLE 2 Positive results from BC or ddPCR-GNB'

Species (no. of isolates identified) ddPCR-GNB BC Both
K. pneumoniae (147) 147 33 32

E. coli (148) 148 22 22

A. baumannii (74) 74 7

P. aeruginosa (34) 34 5

Others (25) NA 457 NA
Total 403’ 12° 66°

“Forty-five organisms in 42 samples, with a single organism detected in 39 samples and 2 organisms detected in 3
samples.

°A total of 403 organisms were detected in 330 samples, with a single organism detected in 268 samples, 2
organisms detected in 52 samples, 3 organisms detected in 9 samples, and 4 organisms detected in 1 sample.

‘A total of 112 organisms were detected in 107 samples, with a single organism detected in 102 samples and 2
organisms detected in 5 samples. In one sample, one organism (Eci) within the detection spectrum of ddPCR-GNB
and one organism (Gemella morbillorum) outside the spectrum were both detected. In one sample, both Kp and
Ab were detected.

In one sample, BC was positive, whereas ddPCR-GNB was negative.

¢In one sample, BC and ddPCR-GNB both detected two bacteria, K. pneumoniae and A. baumannii. Thus, the results
of 66 tests in 65 patients were consistent.

NA: Not applicable.

ddPCR-GNB were 19.7% (95% Cl, 15.8% to 24.3%) and 99.9% (95% Cl, 99.2% to 100%),
respectively. For per-assay analyses, the sensitivities of ddPCR-GNB were 97.0% (32/33)
(95% Cl, 84.7% to 99.8%), 100% (22/22) (95% Cl, 85.1% to 100%), 100.00% (7/7) (95% Cl,
64.6% to 100%), and 100% (5/5) (95% Cl, 56.6% to 100%) for K. pneumoniae, E. coli,
A. baumannii, and P. aeruginosa, respectively. The specificities were 88.6% (893/1008)
(95% Cl, 86.5% to 90.4%), 87.6% (893/1019) (95% Cl, 85.5% to 89.5%), 93.5% (967/1034)
(95% Cl, 91.9% to 94.9%), and 97.2% (1007/1036) (95% Cl, 96.0% to 98.0%) for K.
pneumoniae, E. coli, A. baumannii, and P. aeruginosa, respectively.

To explore the clinical significance of ddPCR-GNB, the main inflammatory indicators,
antimicrobials before sampling, and patient outcomes at discharge were compared
between patients with positive ddPCR-GNB results and those with negative results
(Table S5). The indices of patients with positive BC results and negative results were
also compared via a similar approach. Procalcitonin and neutrophil percentages were
significantly greater in the positive control groups for both BC and ddPCR-GNB. There
was a lower percentage (80.3% versus 88.8%) of antimicrobials before sampling in the
BC-positive group, while no significant difference was found between the ddPCR-GNB
groups. A lower percentage (64.0% versus 74.8%) of positive outcomes was found in the
ddPCR-GNB-positive group; in contrast, no significant difference was found between the
BC groups.

Evaluation of discordancy between blood culture and ddPCR-GNB

There were 265 (25.5%) patients with negative blood cultures and positive ddPCR-GNB
results. To evaluate these cases, additional microbiological and clinical evidence were

TABLE 3 Performance of ddPCR-GNB for the diagnosis of proven BSIs caused by targeted bacteria

ddPCR-GNB results by detection channel

Kp Eci Ab Pa Total

Matched positives, n 32 22 7 5 65°
Matched negatives, n 893 893 967 1,007 710
ddPCR extra detections, n 115 126 67 29 265
ddPCR misses, n 1 0 0 0 1
Overall agreement, % 88.9 87.9 93.6 97.2 74.5
Sensitivity, % 97.0 100 100 100 98.5
Specificity, % 88.6 87.6 93.5 97.2 72.8
PPV, % 21.8 14.9 9.5 14.7 19.7
NPV, % 99.9 100 100 100 99.9

“In one sample, both BC and ddPCR-GNB detected two organisms (Kp and Ab).
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TABLE 4 Arbitration of ddPCR-GNB results with composite evaluation

ddPCR-GNB results by composite evaluation

Proven Plus probable Plus possible

Matched positives, n 65° 191 312
Matched negatives, n 710 710 710

ddPCR extra detections, n 265 139 18

ddPCR misses, n 1 1 1

Overall agreement, % 74.5 86.6 98.2
Sensitivity, % 98.5 99.5 99.7
Specificity, % 72.8 83.6 97.5

PPV, % 19.7 579 94.6

NPV, % 99.9 99.9 99.9

“In one sample, both BC and ddPCR-GNB detected two organisms (Kp and Ab).

analyzed. All 265 samples were subjected to Sanger sequencing, and the results are
shown in Table S2. Combined with the Sanger sequencing results and the culture results
of other sites, a total of 126 (47.5%) patients met the criteria for probable BSI, 121 (45.7%)
met the criteria for possible BSI, and the remaining 18 patients (6.8%) were presumptive
false positives (Fig. 1; Table 4).

Taking both proven and probable BSIs as references, the sensitivity and specificity
of ddPCR-GNB would have been 99.5% (95% Cl, 97.1% to 100%) and 83.6% (95% Cl,
81.0% to 86.0%), whereas the per-patient specificity would have increased to 97.5% (95%
Cl, 96.1% to 98.4%) if both probable and possible BSIs had been assumed to be true
positives (Table 4).

Only one patient had a positive BC result but a negative ddPCR-GNB result. The
blood culture results reported Klebsiella pneumoniae, while contemporary plasma
metagenomic next-generation sequencing (mNGS) testing revealed Klebsiella variicola
positivity. The genomic DNA of the isolated strain from the patient was extracted for PCR
amplification separately via two pairs of primers designed according to the genomes of
the two species, i.e., K. variicola and K. pneumoniae. Only primers designed according to
K. variicola yielded positive results, and subsequent Sanger sequencing confirmed the
detection of K. variicola.

Among the 330 patients with positive ddPCR-GNB results, 18.8% (62/330) had
multiple pathogens detected (Table S4). There were 52/62 (83.9%) polymicrobial
infections with 2 of the 4 targeted bacteria, 9/62 (14.5%) with 3 species, and 1/62
(1.6%) with 4 species. In contrast, only one case of polymicrobial bloodstream infection,
involving cocultivation of K. pneumoniae and A. baumannii, was identified by blood
culture.

DISCUSSION

BSI is a serious, life-threatening condition and poses a significant burden in terms of
morbidity and mortality worldwide (2). Prompt and precise pathogen detection is crucial
for the diagnosis and management of BSls. T2 magnetic resonance, qPCR, dPCR, and
mNGS all exhibit considerable promise as culture-independent molecular techniques
that are currently undergoing rigorous development and validation (13, 14). Compared
with gPCR, dPCR is less affected by PCR inhibitors and less affected by host DNA
compared with mNGS. ddPCR is a method for performing dPCR that is based on water—
oil emulsion droplet technology. A sample is fractionated into thousands of droplets,
and PCR amplification of the template molecules occurs in each individual droplet.
Therefore, this technique is highly reproducible and can achieve absolute quantification
without the need for a standard curve (10, 11). Hu et al. reported that ddPCR may offer
advantages in terms of detection velocity and heightened sensitivity within the defined
range of detection (15). Thus, we developed ddPCR-GNB, a panel targeting the four most
common gram-negative bacteria involved in bloodstream infections based on a plasma
ddPCR test.
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In this multicenter study, 1,041 patients were included to validate ddPCR-GNB.
Sixty-five patients were categorized as having proven BSls confirmed by at least one
positive blood culture, and 330 patients tested positive for ddPCR-GNB. The results
revealed a sensitivity and specificity of 98.5% and 72.8%, respectively. The NPV in this
cohort approached 99.9%. Composite microbiological and clinical criteria were utilized
to resolve any discrepancies. This involved considering results from multiple sources,
such as blood cultures taken at different time points or culture results from other sites,
in addition to plasma Sanger sequencing. The specificity increased to 83.6% when
probable BSIs were considered true positives that were not identified by companion
blood cultures and to 97.5% when both probable and possible BSIs were considered
true positives. However, the definitions of possible and probable BSIs should be further
explored, and the results should be deduced with caution. Notably, the ddPCR-GNB
results were positive in 4.7-fold more patients with proven, probable, or possible BSls (n =
312) than in those with positive blood cultures (n = 66).

In this study, the positivity of ddPCR-GNB was much greater than that of blood
culture. We found that 6.3% of patients had positive targeted blood cultures and that
31.7% of patients had positive ddPCR-GNB results. The lower antibiotic usage before
sampling in the proven group (Table S6) indicates that the positivity of BC is significantly
affected by prior exposure to antimicrobials. A positive ddPCR-GNB result with negative
companion blood cultures could be explained by the presence of viable but noncultura-
ble pathogens after antimicrobial exposure that would otherwise be missed by blood
culture (16) or by the fact that circulating cell-free DNA molecules originate from dying
cells (17) and that the number of genome copies is much greater than the number of
bacteria circulating during bloodstream infections (18). The application of ddPCR for the
diagnosis of bacterial infections via the detection of cell-free bacterial DNA has been
reported in several preliminary single-center studies. All these studies have consistently
demonstrated the superior detection efficacy of ddPCR over blood culture methods (19—
21).

The question of whether the bacteria detected by ddPCR-GNB are false positive or
a true reflection of the causative microorganisms missed by blood culture continues to
be a point of debate. Indeed, the detection of microbial DNA cannot be guaranteed;
however, in this cohort, the arrangement of two sets of blood cultures according to
physician discretion and the high prevalence of antimicrobial treatment indicate valid
concerns of active infection. Furthermore, Sanger sequencing confirmed the authentic-
ity of the nucleic acid detection results. With the composite evaluation of additional
microbiological results and clinical evidence, we were able to resolve discordant cases.

Furthermore, our study suggests that patients with positive ddPCR results might
have a worse prognosis. We speculate that, in addition to providing a microbiological
diagnosis, ddPCR results may reflect the severity of infection. This speculation remains to
be further investigated. This can be an epiphenomenon that reflects the overall disease
burden, and microbial DNA itself can result in an inflammatory cascade. The epipheno-
menon can be related to leakage of microbial contents from a porous gastrointestinal
tract as an indication of bacterial translocation (22).

The prevalence of polymicrobial etiology in patients with BSI has been reported
to be 6%-32%, which is independently associated with high mortality (23-25). In our
study, among the 66 patients whose blood cultures were positive, only one had multiple
pathogens detected. However, among the 330 patients who were ddPCR-GNB positive,
18.8% (62/330) had multiple pathogens detected. Although this phenomenon cannot
directly prove that multiple pathogens detected by ddPCR correspond to multiple
infections, it suggests that ddPCR has the ability to detect multiple pathogens simulta-
neously. Similar results have been reported previously; specifically, blood culture and
ddPCR were positive in 16.2% (71 of 438) and 41.1% (180 of 438) of episodes, respec-
tively, and polymicrobial bloodstream infections were detected in 8.0% (6 of 71) and
38.3% (69 of 180) of blood culture and ddPCR, respectively (11). This suggested that
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ddPCR may be more clinically efficient than blood culture in detecting polymicrobial
bloodstream infections (14).

Several limitations should be highlighted in this study. First, the ddPCR-GNB panel
covered only the four most common gram-negative bacteria, and even genetically
closely related bacteria could be missed, resulting in a false-negative report. Second,
plasma cell-free DNA was targeted in the test, and the clinical significance of bacte-
rial cell-associated DNA and cell-free DNA should be determined by further investiga-
tions. Finally, since the four targeted gram-negative bacteria constituted a significant
proportion of the causative microorganisms and the empirical usage of antimicrobial
drugs was prevalent in this cohort, caution should be exercised when extrapolating the
conclusions drawn from the study.

Conclusion

In conclusion, ddPCR-GNB demonstrates excellent microbial diagnostic performance in
patients with suspected BSI. It certainly excels in detecting polymicrobial infections and
may offer additional information with which to evaluate disease severity. This assay is not
intended to replace culture methods, and additional studies need to be carried out to
further assess its diagnostic value and clinical impact.
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