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Background: Plasma microbial cell-free DNA (mcfDNA) is a key biomarker 
for diagnosing bloodstream infections (BSIs), which contribute significantly to 
morbidity and mortality, particularly in patients with severe trauma, chronic 
illnesses, or immunosuppressive conditions. However, the baseline distribution 
of mcfDNA in different populations remains unclear. This study characterizes 
plasma mcfDNA profiles across various human populations.

Methods: A total of 300 blood samples were collected from 10 groups: healthy 
individuals (Group A), patients with chronic diseases but no infections (Group 
B1–B7), patients with mild-to-moderate infections (Group C), and patients 
meeting sepsis criteria (Group D). Multiplex droplet digital PCR (ddPCR) was 
used to detect mcfDNA from 10 common sepsis-causing bacterial species, two 
fungal species, and three herpesviruses (HSV-1, Epstein–Barr virus [EBV], and 
Cytomegalovirus [CMV]).

Results: Most pathogens in all groups showed low mcfDNA copy concentrations 
(~100 copies/mL), forming a baseline. Group A had no pathogens exceeding 
this level, while Group B showed elevated E. coli and S. maltophilia (102–104 
copies/mL). In Group C, 53 pathogens were detected above baseline, with EBV, 
CMV, and HSV-1 as the most common (copy concentrations 102–104 copies/
mL). In Group D, 57 pathogens exceeded baseline, primarily EBV, K. pneumoniae, 
A. baumannii, E. faecium, and CMV. Although statistical analysis showed no 
significant differences in pathogen distribution between Groups C and D, Gram-
negative bacteria were more prevalent in Group D (70% vs. 53.3%, OR = 2.03), 
while viral pathogens were more frequently detected in Group C (93.3% vs. 
76.7%, OR = 0.24). The microbial profiles and mcfDNA copy concentrations in 
Groups C and D were similar (102–104 copies/mL), distinguishing them from 
Groups A and B.

Conclusion: This study provides a comprehensive characterization of mcfDNA 
across different health states, demonstrating the utility of ddPCR in detecting 
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microbial infections. These findings contribute to refining infection diagnostics 
and improving early detection strategies for BSIs and sepsis.
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plasma microbial cell-free DNA, bloodstream infection, sepsis, pathogen, droplet 
digital PCR

Introduction

Cell-free DNA (cfDNA) in plasma originates from senescent/
apoptotic cells or invasive microorganisms that release nucleic acids 
into the blood during breakdown (Lee et  al., 2020). Endogenous 
cfDNA has evolved into an indispensable biomarker in clinical 
practice for rapid and noninvasive diagnosis in liquid biopsy, 
noninvasive prenatal screening (NIPT), medication guidance, and 
tumor monitoring (Decker and Sholl, 2019; Sun et al., 2019; Liu et al., 
2019; Wu et  al., 2020; Liang et  al., 2019). Exogenous cfDNA can 
be used to identify microbial pathogens invading the body under 
pathological conditions, such as bacteremia, viremia, and sepsis. The 
positive rate of microbial cell-free DNA (mcfDNA) detection is higher 
compared to that of traditional microbial detection. Currently, 
mcfDNA plays an important role in the diagnosis and treatment of 
clinical infections, such as sepsis, community-acquired pneumonia, 
tuberculosis, invasive mycosis, urinary tract infection, and infection 
after organ transplantation (Fernández-Carballo et al., 2019; Hong 
et al., 2018; Long et al., 2016; Weerakoon and McManus, 2016). In a 
high-throughput sequencing study of plasma mcfDNA, 348 patients 
with suspected sepsis were included in clinical practice, and their 
positive coincidence rate was 93.7% compared to the first positive 
blood culture. Among patients who developed antibiotic resistance 
before the onset of symptoms, the proportion of reliable or confirmed 
pathogens detected by next-generation sequencing technology (NGS) 
was 47.9%, and the sensitivity of blood culture was 19.6%, indicating 
the advantage of mcfDNA in detecting microbial infections 
(Blauwkamp et al., 2019). In the mcfDNA detection of pathogens in 
sepsis, Gram-negative bacteria accounted for the majority, followed 
by Gram-positive bacteria, fungi, and viruses. The most common 
Gram-negative bacteria isolates were Klebsiella pneumoniae 
(K. pneumoniae), Escherichia coli (E. coli), Acinetobacter baumannii 
(A. baumannii), and Pseudomonas aeruginosa (P. aeruginosa). The 
most frequent Gram-positive bacteria isolates were Staphylococcus 
aureus (S. aureus), Group B Streptococcus (GBS), Coagulase-negative 
Staphylococci (CoNS), and Enterococcus spp. (Kern and Rieg, 2020; 
Wu et al., 2022; Wang et al., 2021). The detection frequency of fungi 
is relatively lower than that of bacteria and viruses, with the main 
strains being Candida tropicalis (C. tropicali) and Candida albicans 
(C. albicans) (Wu et al., 2022; Wang et al., 2021). In terms of virus 
type, herpes simplex virus–1 (HSV–1), Cytomegalovirus (CMV), and 
Epstein–Barr virus (EBV) accounted for the most cases (Wang et al., 
2021; Cao et al., 2022).

The pathogens causing sepsis vary greatly depending on the 
infection source, patient characteristics, and disease course. For 
instance, from the results of three independent studies in China, the 
predominant pathogen for neonatal early-onset-sepsis (EOS) was 
E. coli (Mariani et al., 2022; Zou et al., 2021; Jiang et al., 2019), 
whereas in Italy, CoNS represented the predominant pathogen (Liu 
et al., 2021). A study of 9,381 bloodstream infection (BSI) episodes 

collected from hospitalized adult patients revealed that the 
composition ratios of CoNS, E. coli, and K. pneumoniae dynamically 
increased, whereas the proportion of P. aeruginosa decreased in 
China from 2010 to 2019 (Cui et al., 2022). In Australia, Viridans 
streptococci and Enterococcus species were the most predominant 
Gram-positive bacteria in neutropenic patients with hematological 
malignancies (Carvalho et al., 2020). In Chinese patients with solid 
tumors, the most common Gram-positive bacteria were 
Staphylococcus aureus and Enterococcus spp. (Xue et al., 2023).

Conventional blood culture (BC) is the gold standard for BSI 
diagnosis; however, it has several disadvantages, including long 
turnaround times, limited sensitivity, risk of contamination, and 
the inability to identify some fastidious organisms (Ehren et al., 
2019; Kim et  al., 2021; Sinha et  al., 2018; Peker et  al., 2018). 
Therefore, many culture-independent detection systems for BSI 
have rapidly been developed (Blauwkamp et al., 2019; Wu et al., 
2022; Zboromyrska et al., 2019; Clancy et al., 2018; Nguyen et al., 
2019; Yanagihara et al., 2010). Among these methods, the third-
generation PCR after real-time quantitative PCR (qPCR), droplet 
digital PCR (ddPCR), has emerged as a promising and reliable tool 
for microorganism detection that takes advantage of high 
sensitivity, high precision, and absolute quantification (Merino 
et al., 2022; Luo et al., 2019; Li et al., 2019; Adjorlolo and Egbenya, 
2020). The basic principle of ddPCR is to divide a PCR reaction 
system containing an enzyme and buffer, nucleic acid templates, 
primers, and probes into tens to hundreds of thousands of droplet 
units using microfluidic chips. A small percentage of the droplet 
unit contains one or more copies of nucleic acid molecules (DNA, 
RNA, or cDNA) and performs the PCR reactions independently. 
After routine PCR amplification, concentrations are determined 
based on the proportion of non-fluorescent partitions by Poisson 
distribution (Kojabad et  al., 2021). ddPCR exhibits excellent 
performance in detecting bacteria, fungi, and viruses. In 2019, the 
sensitivity and specificity of the ddPCR method for tuberculosis 
(TB) detection were 95.7 and 88.9%, respectively (Luo et al., 2019). 
In the diagnosis of invasive fungal infection (IFI) in neonates, 
ddPCR had both high specificity (100%) and sensitivity (3.2 
copies/μL) (Li et al., 2019). Compared to RT-qPCR, RT-ddPCR can 
detect SARS-CoV-2 at as low as 11.1 copies per test, which is 11 
times lower than the number of 123.3 copies observed by RT-qPCR 
(Adjorlolo and Egbenya, 2020). Most reports on BSI pathogens 
have focused on a single group of people, such as neonates or the 
elderly, or people with specific clinical conditions, including cancer 
and trauma (Hu et al., 2021; Yan et al., 2021; Costescu Strachinaru 
et al., 2021; Lin et al., 2023). In this study, we characterized the 
mcfDNA profiles of different populations with healthy status, 
underlying chronic disease, local mild-to-moderate infections, and 
severe sepsis, with the aim to broaden the understanding of 
mcfDNA from different physical states and clarify the use of 
ddPCR in detecting infections.
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Materials and methods

Study population and sample collection

This study was conducted during the period between August 13, 
2021 and September 10, 2022, and was approved by Peking Union 
Medical College Hospital (PUMCH). Informed consent was obtained 
directly from the patients or their relatives for sample collection. The 
study enrolled 300 adult patients, including healthy people and patients 
with different underlying diseases or suspected BSI. The study 
population was classified into 10 Groups (Group A, B1–B7, C, D) and 
30 candidates were recruited for each cohort. In total, 300 blood 
samples were collected and examined. Group A represented healthy 
people with normal physical examination results; Group B represented 
people who had underlying diseases (diabetes [B1], immunosuppression 
[B2], lung cancer [B3], breast cancer [B4], gastric cancer [B5], 
colorectal cancer [B6], and liver cancer [B7]) but were clinically free of 
infection; Group C represented patients with confirmed local infection 
but without BSI; and Group D represented patients who met the Sepsis 
3.0 criteria and had a high probability of BSI. Patients with mental 
disorders and pregnant women were excluded.

An additional tube of 5 mL EDTA-anticoagulated peripheral 
blood was drawn simultaneously when blood cultures were performed 
on clinical indications (i.e., at the discretion of the attending physician) 
using the same venipuncture site for collecting a Cell-Free DNA BCT 
device (Streck, Nebraska US). The centrifugation procedure (1,600 g 
for 15 min at 4°C) was performed within 4 h of blood sample 
collection, and the plasma was separated for nucleic acid extraction 
and testing. If the sample could not be centrifuged in time, it was 
stored at 4°C for a maximum of 3 days before further processing. 
Samples were anonymized for patient characteristics and the 
corresponding culture results using coded identifiers.

Nucleic acid extraction

The plasma was separated for nucleic acid extraction. Peripheral 
blood specimens were centrifuged at 1600 g for 15 min at 
4°C. Subsequently, 1 mL plasma and 10 μL internal control were 
mixed evenly and transferred to an Auto-Pure 10B nucleic acid 
purification system (Hangzhou Allsheng Instruments Co., Ltd., 
Hangzhou, China) for cfDNA isolation using a Magnetic Serum/
Plasma DNA Kit (Tiangen Biotech, Beijing, China) according to the 
manufacturer’s instructions. The cfDNA was eluted into 60 μL of 
10 mM Tris-EDTA buffer and stored at −80°C until final analysis.

Droplet digital PCR

The multiplex ddPCR assay enables the simultaneous detection of 
common bacterial pathogens, fungal pathogens, viruses (detailed 
information in the below table) directly from blood samples. ddPCR 
analysis was performed using a 5-fluorescent-channel droplet digital 
PCR system (Pilot Gene Technology Co., Ltd., Hangzhou, China). 
Briefly, 5 μL cfDNA template was added to 10 μL ddPCR premix, 
including the detection primers, probes, and necessary components 
for PCR amplification. The synthesized DNA fragments served as 
positive controls, and DNase-free water served as negative controls to 

eliminate external or reagent microbial contamination. The reaction 
mixture was gently mixed and added to a ready-to-use disposable 
plastic chip. Approximately 20,000 water-in-oil emulsion droplets 
were generated inside the chip using a droplet generator (DG32, Pilot 
Gene Tech.). The chips were then amplified in a thermal cycler (TC1, 
Pilot Gene Tech.) using the following cycling parameters: 95°C for 
5 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Finally, 
the chips were loaded into a chip scanner (iScanner 5, Pilot Gene 
Tech.) for fluorescence signal reading and further data analysis. The 
data were analyzed using the GeneDPT software (Pilot Gene Tech.). 
According to the manufacturer’s instructions for the assay panels, the 
threshold for target detection was 0.5 copies/μL. ddPCR was defined 
as positive when the concentration exceeded the threshold.

Panel FAM VIC ROX CY5

1 P. aeruginosa E. coli K. pneumoniae A. baumannii

2 S. aureus E. faecium E. faecalis S. pneumoniae

3 S. maltophilia E. cloacae S. marcescens P. mirabilis

4 S. haemolyticus S. hominis S. capitis S. epidermidis

5 C. albican C. glabrata C. parapsilosis C. tropicalis

6 HSV-1 VZV EBV CMV

Blood culture (BC)

Blood culture at PUMCH was processed using the BC instrument 
BACTEC FX TOP (BD, USA). Positive blood culture samples were 
subcultured on blood agar plates, and microorganism colonies were 
identified using Vitek MS (bioMérieux, France) through matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF).

Ethics approval and participation

The human research ethics committee of the Institutional Review 
Board of Peking Union Medical College Hospital approved this study. 
This project did not affect the normal diagnosis and treatment of 
patients. Formal ethics approval was obtained and waived, and written 
patient consent was not required after consultation with the 
Institutional Review Board (ethics approval number HS-2952).

Statistical analysis

Continuous variables are expressed as the median and 
interquartile range (IQR). Figures were created using Prism 8.4.0 
software (GraphPad Software, San Diego, CA, USA).

Results

Characteristics of the populations

Positive cases detected by digital PCR were predominantly 
enrolled from intensive care units (ICUs), including the stroke 
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intensive care unit (SICU), emergency intensive care unit (EICU), 
medical intensive care unit (MICU), respiratory intensive care unit 
(RICU), and emergency internal medicine. The clinical characteristics 
of the recruited patients are detailed in Table 1. The target microbial 
pathogens included Gram-negative bacteria (P. aeruginosa, E. coli, 
K. pneumoniae, A. baumannii, P. mirabilis, S. aureus, E. faecium), 
Gram-positive bacteria (S. maltophilia, E. cloacae, S. epidermidis), 
fungi (C. albicans, C. parapsilosis), and herpesviruses (HSV-1, 
EBV, CMV).

Copy concentrations of bacterial 
pathogens in different populations

For Gram-negative bacteria (Figure  1A), the mcfDNA copy 
concentration of most pathogens in the 10 groups was relatively low, 
forming a baseline (~100 copies/mL). There were very few pathogens 
exceeding the baseline level in Groups A and B, whereas there were 
more pathogens in Groups C and D. The mcfDNA copy concentrations 
(above the baseline) in Groups C and D were commonly distributed 
between 102 and 104 copies/mL. There was only one target 
(K. pneumoniae) with a copy concentration of 104–105 copies/mL in 
Group C, whereas in Group D, there were two targets (K. pneumoniae, 
S. maltophilia) with concentrations of 104–105 copies/mL and two 
targets (K. pneumoniae, E. coli) with concentrations of 105–106 copies/
mL. For Gram-positive bacteria (Figure  1B), the trend of copy 
concentration was similar to that in Figure 1A. The mcfDNA copy 
concentrations of bacterial pathogens in Groups A and B was ≤ 100 
copies/mL, whereas the copy concentrations in Groups C and D were 
commonly distributed between 102 and 104 copies/mL. One target 
(S. epidermidis) in Group C had a copy concentration > 105 copies/mL, 
whereas another target (E. faecium) had copy concentrations of 104–
105 copies/mL in Group D. Infections with E. coli and S. maltophilia 
(102–104copies/mL) occurred in Group B2, which was expected given 
that the candidates in Group B2 represented immunocompromised 
patients who were easily infected during treatment. The total number 
of bacterial infections was higher in Group D than in Group C, 
demonstrating their classification consistency; that is, the severity of 

sepsis was higher in Group D than in Group C. Notably, there was no 
significant difference in the distribution of copy concentration 
between the two groups. In some severe cases, the copy concentration 
even reached 105 copies/mL. Group C included patients with 
confirmed infection symptoms but without sepsis (verified by blood 
culture), but multiple pathogens were still detected in the blood, 
indicating that patients in Group C may be in the early stage of sepsis 
and require timely treatment.

Copy concentrations of fungi and viruses 
in different populations

In this study, two fungi (C. albicans, C. parapsilosis) and three 
herpesviruses (HSV-1, EBV, CMV) were detected. Most mcfDNA 
copy concentrations of fungi/herpesviruses were ≤ 100 copies/mL in 
Groups A and B. Some infections (EBV in Group B3 and CMV in 
Group B7) still existed in Group B, but the copy concentration was 
lower than 300 copies/mL. The copy concentrations of the fungi were 
commonly distributed between 100 and 1,000 copies/mL in Groups C 
and D. For herpesviruses in Groups C/D, the range of copy 
concentrations was 102–104 copies/mL. One pathogen copy 
concentration exceeded 104 copies/mL in Groups C and D, respectively 
(Figure 2). In general, the baseline mcfDNA copy concentration is 
similar to that of bacteria. The number of viral infections was 
significantly higher than that of fungal infections.

We next analyzed the mcfDNA copy concentration of target 
pathogens in five gradients for Groups C and D. The proportions in 
Groups C and D were consistent for most pathogens at 102–104 copies/
mL, except for A. baumannii, S. aureus, HSV-1, EBV, and CMV, whose 
proportions differed in Groups C and D (10% vs. 16.67, 3.33% vs. 
13.34, 20% vs. 3.33, 40% vs. 50, 23.33% vs. 16.67%, respectively). 
Above 104 copies/mL, no significant difference was observed in the 
proportion between Groups C and D, but the copy concentration 
varied. For E. coli, K. pneumoniae, S. maltophilia, and HSV–1, the copy 
concentration in Group D was higher, whereas for E. faecium, 
S. epidermidis, and CMV, Group C had a higher concentration 
(Figure 3).

TABLE 1 Clinical characteristics of the recruited patients.

Clinical characteristics Group A Group B Group C Group D

Demographic 

characteristics

Age, years 37.4 ± 11.6 56.3 ± 12.5 56.9 ± 20.1 61.5 ± 16.41

Male, n (%) 18 (60) 106 (51.2) 22 (73.3) 21 (71)

Department or type of disease Medical 

examination 

center: 30

Medical oncology: 70 ICU: 7 ICU: 2

Hematology and oncology: 30 EICU: 2 ED: 8

Department of rheumatology 

and immunology: 24

SICU: 10 MICU: 2

Department of endocrinology: 

18

MICU: 7 Emergency internal 

medicine: 7

Other: 64 RICU: 4 Other: 11

Laboratory 

examination

WBC count, median (IQR) × 103/μL 5.49 (4.68–6.06) 5.48 (4.38–7.27) 13.07 (5.83–17.90) 10.01 (6.69–13.19)

CRP (mg/L), median (IQR) / 1.86 (0.6–5.49) 135.85 (69.33–169.05) 131.35 (52.7–191.6)

PCT (μg/L), median (IQR) / / 2.5 (1.36–6.2) 2.4 (0.36–20)

ICU, intensive care unit; EICU, emergency intensive care unit; SICU, stroke intensive care unit; MICU, medical intensive care unit; RICU, respiratory intensive care unit; ED, emergency 
department; WBC, white blood cell; IQR, interquartile range; CRP, C-reactive protein; PCT, procalcitonin.
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mcfDNA profiles in Groups C and D

Because > 97% of positive episodes appeared in Groups C and D, 
we  focused on the analysis of these two groups. No significant 
differences were observed between the two groups regarding gender 
(χ2 = 0.093, p = 0.761) or age (U = 406.5, p = 0.798), demonstrating 
comparable baseline demographics (Table 2). A total of 53 and 57 
pathogens were detected in Groups C and D, respectively. The statistical 
analysis of positive case counts for target pathogens in both groups is 
presented in Table 3. Both the Fisher–Freeman–Halton test (p = 0.892) 
and the chi-square test (p = 0.775) demonstrated no significant 
differences in pathogen distribution between the two groups. Although 
S. aureus (OR = 4.46) and A. baumannii (OR = 1.67) showed higher 
detection rates in Group D, these differences did not reach statistical 
significance (all p > 0.05). Viral pathogens (EBV/CMV/HSV) exhibited 
similar detection rates between two groups, suggesting potential latent 
infections. The most frequently detected Gram-negative bacteria in 
both groups were K. pneumoniae, A. baumannii, E. coli, P. aeruginosa 
while the predominant Gram-positive bacteria were S. aureus and 

E. faecium, which is consistent with the CHINET surveillance data. 
Although statistical analysis showed no significant differences in 
pathogen distribution between Groups C and D, Gram-negative 
bacteria were more prevalent in Group D (70% vs. 53.3%, OR = 2.03), 
while viral pathogens were more frequently detected in Group C 
(93.3% vs. 76.7%, OR = 0.24) (Table 4). More than 35% of infections 
were caused by a single pathogen (36.7% for Group C and 50% for 
Group D). In addition to polymicrobial infections, two or three types 
of pathogens account for the majority (Table 5).

Agreement analysis between ddPCR 
findings and clinical diagnostic outcomes

A comparison between ddPCR and blood culture results in 
Groups C and D demonstrated high sensitivity (>93%) for ddPCR. In 
Group D, ddPCR failed to detect two blood culture-positive targets: 
one case of possible blood culture contamination (S. hominis), and one 
confirmed missed detection of S. aureus, suggesting room for further 
optimization of the ddPCR assay. For Group C, ddPCR detected 16 
additional positive cases compared to blood culture, highlighting its 
superior sensitivity (Table 6). However, the lack of validation by a 
third diagnostic method represents a limitation of this study.

Discussion

In this study, we identified 10 bacterial species involved in the 
most common “ESKAPE” pathogens (E. coli, S. aureus, K. pneumoniae, 
A. baumannii, P. aeruginosa, E. faecium), as well as two fungi species 
(C. albicans, C. parapsilosis) and three herpesviruses (HSV-1, EBV, 
and CMV) in four groups. None of the target pathogens were found 
in healthy subjects (group A). The incidence of BSI in patients with 
cancer or immunosuppression (group B) was low (1.4%), representing 
3 of 210 episodes. Group C consisted of patients with confirmed 
infection symptoms but without BSI; Group D consisted of patients 
with a SOFA (Sequential Organ Failure Assessment) score increment 
≥ 2 or qSOFA ≥ 2 (prophase) and a high probability of BSI. The 
distribution and mcfDNA copy concentrations of microbial 

FIGURE 1

Microbial cell-free DNA levels of bacterial pathogens in different populations. (A) Microbial cell-free DNA levels of Gram negative bacteria. (B) Microbial 
cell-free DNA levels of Gram positive bacteria. The Y-axis indicated the copy concentration (copies/mL). The X-axis indicated patient groups. Bacteria 
G+, Gram positive bacteria, Bacteria G–, Gram negative bacteria.

FIGURE 2

Microbial cell-free DNA levels of fungi and virus in different 
populations. The Y-axis indicated the copy concentration (copies/
mL). The X-axis indicated patient groups.
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pathogens in Groups C and D were similar. The high detection of 
mcfDNA in the blood stream of patients with symptoms of infection 
but without BSI and those with a high likelihood of BSI suggested 
that mcfDNA in plasma originated from invasive microorganisms, 
which release nucleic acids into the blood as they breakdown. The 

microbial pathogen profiles of BSI in different populations provide a 
reliable basis for clinical treatment.

ddPCR, as an emerging detection tool, has many advantages, such 
as high sensitivity and accurate quantification of pathogen nucleic 
acids, and can be  used for a variety of purposes. ddPCR has the 

FIGURE 3

Comparison of the mcfDNA copy concentration of target pathogens in groups C and D. mcfDNA, microbial cell-free DNA.

TABLE 2 Clinical characteristics by cohort.

Variable Group C (n = 30) Group D (n = 30) Statistic p value

Male sex (n, %) 22 (73.3%) 21 (70%) χ2 = 0.093 0.761

Age (years) 66 (34–71) 63 (55–68) U = 406.5 0.798

Data are median (IQR).

TABLE 3 Comparison of pathogen species between Group C and D.

Pathogen type Group C (n = 30) Group D (n = 30) p value OR (95%CI)

P. aeruginosa 3 2 1.000 0.64 (0.10–4.06)

E. coli 3 4 1.000 1.33 (0.27–6.56)

K. pneumoniae 5 6 1.000 1.20 (0.34–4.27)

A. baumannii 3 5 0.706 1.67 (0.37–7.55)

S. maltophilia 1 2 1.000 2.00 (0.17–23.1)

E. cloacae 0 1 1.000 /

P. mirabilis 1 1 1.000 1.00 (0.06–16.3)

S. aureus 1 4 0.358 4.46 (0.47–42.3)

E. faecium 5 5 1.000 1.00 (0.26–3.80)

S. epidermidis 2 2 1.000 1.00 (0.13–7.54)

C. albicans 1 1 1.000 1.00 (0.06–16.3)

C. parapsilosis 0 1 1.000 /

HSV-1 6 3 0.476 0.47 (0.11–2.02)

EBV 14 15 1.000 1.14 (0.42–3.12)

CMV 8 5 0.542 0.58 (0.17–2.00)
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advantage of absolute quantification in the field of dynamic 
monitoring, which NGS cannot achieve. mcfDNA can be continuously 
detected in patients with bloodstream infection or sepsis and 
evaluated through dynamic monitoring (Kustanovich et al., 2019). A 
prospective pilot study showed that mcfDNA-seq has the potential to 
predict most episodes of BSI before onset in high-risk pediatric cancer 
patients. Moreover, mcfDNA-seq can predict infections in 
approximately 75% of relapsed pediatric cancer patients with 
impending BSI, with a specificity of > 80%. In a 2019 study, the 
sensitivity and specificity of the ddPCR method for TB detection were 
95.7 and 88.9%, respectively (Goggin et  al., 2020). From this 
perspective, ddPCR with high sensitivity and specificity can also 
be  used as a dynamic monitoring test for mcfDNA in patients 
with BSI.

However, ddPCR still has some limitations. Studies have shown 
that the plasma cfDNA concentration of healthy people fluctuates 
between 0.1 and 1.5 ng/μL, and human DNA accounts for the majority 
(> 90% or even > 99%), whereas microbial DNA accounts for only a 
small proportion (Blauwkamp et al., 2019). cfDNA mainly arises from 
the degradation of genomic DNA of senescent and apoptotic cells 
under normal physiological conditions, whereas under pathological 
conditions, such as malignant tumors, trauma, organ transplant 
rejection, autoimmune diseases, and sepsis, a large amount of cfDNA 
can be released into the bloodstream by abnormal necrotic cells. Thus, 
the origin of cfDNA in plasma is complex, and while ddPCR can 

detect mcfDNA in plasma, it is unable to distinguish mcfDNA 
between living and apoptotic microorganisms. However, this is not an 
important constraint for the application of ddPCR, as other molecular 
diagnostic methods, such as qPCR and metagenomics-based assays, 
are also unable to distinguish this situation.

Definition of the constant value/cut-off value of the target 
pathogenetic organisms detected by molecular diagnostic methods to 
provide a basis for clinical diagnosis still requires a combination of the 
clinical background of patients, imaging data, and other laboratory 
examinations. Although ddPCR can quantify the copy concentration 
of plasma cfDNA, there is still no uniform standard for the specific 
positive values of different diseases and target pathogens. Similar to 
mNGS, there is currently no accepted threshold, and the methods/
standards for dividing the thresholds vary widely between studies. For 
patients with suspected BSI, the levels of procalcitonin (PCT) and CPR 
(C-reactive protein) can be used to evaluate the degree of bacterial 
infection and prognosis. In fact, in addition to laboratory tests, the copy 
concentration level can reflect the severity of infection and provide 
medication guidance. For example, Hirsch et al. (2005) reported that a 
plasma BK virus (BKV) DNA level > 4 log10 copies/mL was 
recommended for a presumed diagnosis of BKVAN (BKV-associated 
nephropathy), and the urinary viral load in affected patients exceeded 
7 log10 copies/mL. The Kidney Disease: Improving Global Outcomes 
(KDIGO) clinical practice guidelines also suggest a reduction in 
immunosuppression when the BKV load in plasma is persistently > 4 

TABLE 4 Comparison of pathogen types between Group C and D.

Pathogen type Group C (n = 30) Group D (n = 30) p value OR (95%CI)

G− 16 (53.3%) 21 (70%) 0.34 2.03 (0.76–5.45)

G+ 8 (26.7%) 11 (36.7%) 0.59 1.61 (0.55–4.70)

Fungi 1 (3.3%) 2 (6.7%) 1.00 2.06 (0.18–24.1)

Virus 28 (93.3%) 23 (76.7%) 0.11 0.24 (0.05–1.22)

G−, Gram-negative bacteria; G+, Gram-positive bacteria; OR, odds ratio.

TABLE 5 Counts of polymicrobial infections between Group C and D.

Pathogen type Group C (n = 30) Group D (n = 30) p value OR (95%CI)

0 6 (20%) 2 (6.7%) 0.25 0.29 (0.05–1.59)

1 11 (36.7%) 15 (50%) 0.43 1.73 (0.62–4.84)

2 7 (23.3%) 5 (16.7%) 0.75 0.66 (0.18–2.41)

3 3 (10%) 7 (23.3%) 0.30 2.80 (0.64–12.3)

≥4 3 (10%) 1 (3.3%) 0.61 0.31 (0.03–3.20)

OR, odds ratio.

TABLE 6 Positive and negative agreement of ddPCR versus BC, microbiological testing and clinical diagnosis.

Sample (n = 60) Diagnosis+ Diagnosis- Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Total ddPCR+ 36 16 94.74 (82.25–99.36) 27.27 (10.73–50.22) 69.23 (54.90–81.28) 75 (34.91–96.81)

ddPCR- 2 6

Group C ddPCR+ 8 16 100 (63.06–100) 27.27 (10.73–50.22) 33.33 (15.63–55.32) 100 (54.07–100)

ddPCR- 0 6

Group D ddPCR+ 28 0 93.33 / 100 /

ddPCR- 2 0

PPV, positive predictive value; NPV, negative predictive value.
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log10 copies/mL to prevent disease progression to an irreversible phase 
(Eckardt and Kasiske, 2009). In addition, according to the European 
Conference on Infections in Leukemia guidelines, one of the 
“diagnostic triad” for BKV-related hemorrhagic cystitis is BKV viruria 
≥ 7 log10 copies/mL (Cesaro et  al., 2017). However, among the 
numerous studies on the pathogens causing BSI, most focused on the 
types of pathogens and did not analyze the correlation between 
quantitative ddPCR results and severity stratification of pathogen load. 
The copy concentrations of the microbial pathogens in our tests were 
generally distributed between 102 and 104 copies/mL. However, due to 
the lack of clinical information and the lack of comparison of blood 
culture results, it is not yet possible to establish an accurate relationship 
between copy concentration and disease severity.

Reactivated herpesviruses in septic patients during ICU stay 
mainly involve HSV-1, EBV, CMV, and HHV-6 (Human herpesvirus 
6). Among these herpesviruses, EBV has the highest incidence. EBV 
reactivation in sepsis has been shown to be  associated with an 
increased risk of mortality (Mallet et al., 2019; Ong et al., 2017) and 
was also observed in a diverse Group of ICU patients (Libert et al., 
2015). Similarly, the incidence rate of EBV was close to 25%, which 
was higher than that of other bacterial or fungal pathogens in our 
research. Viral infection is gradually becoming an important factor in 
BSI and requires additional attention.
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Glossary

A. baumannii - Acinetobacter baumannii

BC - Blood culture

BKV - BK virus

BKVAN - BKV-associated nephropathy

BSI - Bloodstream infection

C. albicans - Candida albicans

C. tropicali - Candida tropicalis

cfDNA - Cell-free DNA

CMV - Cytomegalovirus

CoNS - Coagulase-negative Staphylococci

CPR - C-reactive protein

ddPCR - Droplet digital PCR

E. coli - Escherichia coli

EBV - Epstein–Barr virus

EICU - Emergency intensive care unit

EOS - Early-onset-sepsis

GBS - Group B Streptococcus

HSV–1 - Herpes simplex virus–1

ICU - Intensive care unit

IFI - Invasive fungal infection

IQR - Interquartile range

K. pneumoniae - Klebsiella pneumoniae

KDIGO - Kidney disease improving global outcomes

mcfDNA - Microbial cell-free DNA

MICU - Medical intensive care unit

NGS - Next-generation sequencing technology

NIPT - Noninvasive prenatal screening

P. aeruginosa - Pseudomonas aeruginosa

PCT - Procalcitonin

PUMCH - Peking Union Medical College Hospital

qPCR - Quantitative PCR

RICU - Respiratory intensive care unit

S. aureus - Staphylococcus aureus

SICU - Stroke intensive care unit

TB - Tuberculosis

HHV-6 - Human herpesvirus 6

SOFA - Sequential organ failure assessment
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