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Metagenomic next-generation sequencing
of plasma cell-free DNA improves the early
diagnosis of suspected infections

Hui Zhang'", Ruobing Liang?', Yunzhu Zhu'", Lifen Hu', Han Xia', Jiabin Li"**" and Ying Ye!"

Abstract

Background Metagenomic next-generation sequencing (mMNGS) could improve the diagnosed efficiency of
pathogens in bloodstream infections or sepsis. Little is known about the clinical impact of mMNGS test when used for
the early diagnosis of suspected infections. Herein, our main objective was to assess the clinical efficacy of utilizing
blood samples to perform mNGS for early diagnosis of suspected infections, as well as to evaluate its potential in
guiding antimicrobial therapy decisions.

Methods In this study, 212 adult hospitalized patients who underwent blood mNGS test in the early stage of
suspected infections were enrolled. Diagnostic efficacy of mNGS test and blood culture was compared, and the
clinical impact of mMNGS on clinical care was analyzed.

Results In our study, the total detection rate of blood mNGS was significantly higher than that of culture method
(74.4% vs. 12.1%, P<0.001) in the paired mNGS test and blood culture. Blood stream infection (107, 67.3%) comprised
the largest component of all the diseases in our patients, and the detection rate of single blood sample subgroup was
similar with that of multiple type of samples subgroup. Among the 187 patients complained with fever, there was

no difference in the diagnostic efficacy of mNGS when blood specimens or additional other specimens were used in
cases presenting only with fever. While, when patients had other symptoms except fever, the performance of mNGS
was superior in cases with specimens of suspected infected sites and blood collected at the same time. Guided by
mNGS results, therapeutic regimens for 70.3% cases (149/212) were changed, and the average hospitalized days were
significantly shortened in cases with the earlier sampling time of admission.

Conclusion In this study, we emphasized the importance of blood mNGS in early infectious patients with mild and
non-specific symptoms. Blood mNGS can be used as a supplement to conventional laboratory examination, and
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should be performed as soon as possible to guide clinicians to perform appropriate anti-infection treatment timely
and effectively. Additionally, combining the contemporaneous samples from suspected infection sites could improve
disease diagnosis and prognoses. Further research needs to be better validated in large-scale clinical trials to optimize
diagnostic protocol, and the cost-utility analysis should be performed.
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Febrile illness

Introduction

In the outpatient and hospital settings, fever is a com-
mon presenting symptom and may be observed in up to
30-50% of all medical patients during their hospital stay
[1]. It is usually regarded as a beneficial host immune
response to infection [2] but often leads to a series of
diagnostic examinations which significantly raise medi-
cal costs and increase the risk of invasive procedures [3].
In addition to infection being the main cause of fever,
there are hundreds of other causes, including myocar-
dial infarction, pulmonary embolism, deep vein throm-
bosis, cerebral infarction, hemorrhage, atelectasis, drug
fever, and postoperative fever [4]. Among hospitalized
patients, although presentation of fever in most cases
reminds to perform at least one microbiological test, it is
not a predictor of positive pathogenic results [5]. Despite
this, empirically antibiotic therapy is commonly initiated
as a result of this nonspecific sign, which may result in
the inappropriate usage of antibiotics and an increase in
antibiotic-resistant pathogens [4]. Therefore, early and
accurate differentiation between infectious and non-
infectious fever is very important.

Clinical laboratory plays an important role in infec-
tion diseases control and usually performs microscopic
examination, culture, identification to detect pathogens
[6]. However, the limited sensitivity and detection capac-
ity of these methods shoulder some of the blame for the
failure of detecting pathogens in a considerable number
of cases [7]. Other molecular techniques such as 16 S
rDNA sequencing [8], MALDI-TOF mass spectrometry
[9] or real-time PCR [10, 11] could help clinicians diag-
nose diseases, but require several priori assumptions lim-
iting their application. The limitation of these techniques
makes a significant proportion of fever be undiagnosed
[12]. Several biologic markers, such as serum procalci-
tonin (PCT), C-reactive protein (CRP), tumor necrosis
factor-a (TNF-a), and interleukin-6 (IL-6), have been
tested for their ability to distinguish between infectious
and non-infectious fever [13]. While, none of these mark-
ers have been proven to be powerful enough to be used in
clinical practice. Metagenomic next generation sequenc-
ing (mNGS) using cell-free DNA (cfDNA) has been
proven to be a promising tool in detecting pathogens
from body fluids with higher sensitivities (75-91%) and
specificities (81-100%) [14]. A growing body of evidence
suggested mNGS using plasma cfDNA could improve the

diagnosed efficiency of pathogens in bloodstream infec-
tions or sepsis [15-17].

So far, the majority of mNGS research on blood
samples has primarily focused on sepsis. Studies have
concluded that blood mNGS testing is helpful for the
etiological diagnosis of sepsis with higher sensitivities
(75-90%) compared to blood culture, and with a shorter
turnaround time [18-22]. It also holds promise for diag-
nosing fever of unknown origin, suggesting that mNGS
could significantly reduce unnecessary antibiotic con-
sumption [23]. It should be considered in conjunction
with the application of traditional techniques [24], or as
a first-line investigation using blood samples [25]. Addi-
tionally, several studies have focused on the diagnos-
tic value of blood mNGS in detecting pathogens from
patients with acute hematogenous osteomyelitis [26],
intra-abdominal infections [27], infective endocarditis
[28], febrile neutropenia [29], and transplantation [30],
among others, indicating that blood mNGS can be a suit-
able test.

Zuo et al. demonstrated that in hospitalized patients
with suspected sepsis, the mNGS test showed better per-
formance for patients with mild symptoms, prior antibi-
otic use, and early stage of infection than blood culture
[18]. However, little is known about the clinical impact of
mNGS testing when used for the early diagnosis of sus-
pected infections with mild and non-specific symptoms.
Herein, 212 patients who received mNGS tests from
blood samples were enrolled and clinical data was retro-
spectively analyzed to evaluate the clinical performance
and applicability of mNGS in the present study.

Materials and methods

Trial design and patients recruitment

Adult hospitalized patients who underwent blood
mNGS test in the early stage of suspected infections in
the Department of Infectious Disease, the First Affiliated
Hospital of Anhui Medical University between Octo-
ber 2020 and January 2022 were enrolled. Patients with
incomplete medical records, drug fever, and solitary fever
(presented only once fever) were excluded. Clinical data
of all patients, including baseline demographic charac-
teristics, chronic illnesses/disabilities, laboratory test
results, clinical diagnosis, antibiotic administration and
prognosis were collected.
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Samples collection and standard of microbiologic
diagnostics

Blood specimens were collected after getting the consent
of the patients and sent for mNGS test. Simultaneously,
conventional microbiological methods, such as blood
smear, culture, B-D-glucan/galactomannan (BDG/GM)
tests, serologic tests, PCR, the T-SPOT.TB test were per-
formed according to the clinical necessity. If the patients
were suspected of having other site infections, specimens
of suspected infected sites were also be sent for mNGS
and the above-mentioned methods. Standard of clinical
microbiologic diagnostics was based on the above con-
ventional methods.

Metagenomic next-generation sequencing

Whole blood from each patient was collected into cell-
free DNA blood collection tubes (BCT) (Streck, Inc.,
Omaha, NE, USA) and transported to Hugobiotech Co.,
Ltd. (Beijing, China) to perform mNGS. Human cells in
samples were removed by centrifugation at 1600xg for
10 min, followed by 16,000xg for 10 min at 4°C. Cell-free
DNA (cfDNA) was extracted from the supernatant using
QIAamp DNA Micro Kit (QIAGEN, Hilden, Germany)
according to the instruction. The extracted cfDNA con-
centrations were measured by Qubit 4.0 (Thermo Fisher
Scientific, MA, USA). And then, metagenomics libraries
were constructed by QIAseq Ultralow Input Library Kit
(QIAGEN, Hilden, Germany) according to its manual.
The qualified library was sequenced on Nextseq 550 plat-
form (Illumina, San Diego, USA) using high-output flow
cell at 75 cycles of single end sequencing.

The sequencing data were analyzed for pathogens using
the optimized SURPI+computational pipeline [31]. After
filtering out adapter, low-quality, low-complexity, and
shorter reads of <35 bp (24), high-quality sequencing
data were generated. Next, human reads were removed
by mapping reads to human reference genome (GRCh38)
using Bowtie2 v2.4.3 [32]. The remaining clean data was
aligned to the microbial genome database (ftp://ftp.ncbi.
nlm.nih.gov/genomes/) using Burrow-Wheeler Aligner
software (v0.7.17) [33]. The reads number and reads per
million mapped reads (RPM) of each detected pathogen
was calculated. In parallel with the clinical samples, posi-
tive (synthesize fragments with known quantities) con-
trol and negative control (non- template control, NTC
(sterile deionized water)) were also set for each batch
of experiments using the same wet lab procedures from
DNA extraction to end of sequencing and bioinformatics
analysis. Samples that failed to achieve unique PC reads
for any reason resulted in a one-time requeue. The NTC
samples enabled estimation of the number of background
read [34].
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Criteria for positive mNGS detection

1) For the detected bacteria (Mycobacterium excluded),
fungi (Cryptococcus excluded), and parasites, the
positive criteria for the mNGS result were set as
follows: (1) genome coverage of the unique reads
mapped to this microorganism ranked top10 of
the same kind of microbes and the microorganism
was not detected in the NTC; or (2) RPMsample/
RPMNTC was > 10 (RPMNTC=0).

2) For viruses, M. tuberculosis, and Cryptococcus, a
positive mNGS result was considered when it was
not detected in NTC and at least 1 unique read was
mapped to species or when RPMsample/RPMNTC
was >5 (RPMNTC #0) [35].

After the prior analysis, the mNGS results were assessed
by three independent board-certified infectious disease
physicians, and clinical criteria outlined in the Karius
test [36]. “Causative pathogens” were defined according
to whether the detected microbes were the commonly
reported pathogens and/or the infections caused by the
microbes were in accordance with clinical features of
patients, or the detected organisms would be classified as
non-pathogenic microbes [36, 37].

Diagnostic assessment

Infectious or non-infectious diseases were diagnosed by
the comprehensive combination of epidemiology, clinical
characteristics, laboratory test results, imaging results,
mNGS and conventional diagnostic results, and treat-
ment response, and were evaluated by at least two expe-
rienced physicians. The sensitivity, specificity and total
coincidence rate (TCR, including positive and negative
agreement) of mNGS was evaluated based on final clini-
cal diagnosis.

Statistical analysis

Categorical variables were described in absolute numbers
and in percentages. Continuous variables were calculated
using medians=*standard deviations (SD), and abnormal
distributions were described by medians and interquar-
tile ranges (IQRs). McNemar test or Chi-square test were
used to evaluate independent binomial variables, taking
P<0.05 as statistically significant threshold. Data analysis
were performed using SPSS V25.0 statistics software.

Results

Patients and sample characteristics

A total of 212 participants were retrospectively enrolled
with a median age of 54.5 years (IQR 41-67 years), of
whom 129 (60.8%) were male. According to the final clin-
ical diagnosis, 184 of 212 patients were classified to the
group of infectious disease (ID), including 25 suspected
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infections in which infection was clinically diagnosed but
with negative microbiology tests. Twenty-eight patients
were categorized into the non-infectious disease (NID).
All the baseline characteristics of 212 patients were
shown in Table 1, and there was not any significant dif-
ference in baseline data between ID and NID groups,
including gender, count of white blood cell (WBC), per-
centage of neutrophils, percentage of blood lympho-
cytes, C-reactive protein (CRP), and clinical symptoms,
except age and procalcitonin (PCT). One blood speci-
men was sent for mNGS testing from each of 154 (72.6%)
patients, while>2 specimens from different locations at
the same time were sent for mNGS testing from each of

Table 1 Clinical characteristics of the enrolled 212 patients

Demographics Infectious Non-infec- P
Group tious Group  value
(n=186) (n=28)

Male: Female 1.63:1 (114:70)  1.15:1 (15:13) 039

Age (years) <0.01

Median 55.5 (44-69) 43 (28.5-57.5)

Average (SD) 55.2+182 443+17.8

Days from onset (days) 15(10-22) 12.5(8.5-17.5) 0.07

Clinical Symptoms, n (%)

Fever 160 (86.9%) 26 (92.8%) 037

Muscle or joint pain 19 (10.3%) 0 (0.0%) 0.15

Abdomen pain with diarrhea 13 (7.1%) 1 (3.5%) 0.08

Cough 12 (6.5%) 0 (0.0%) 037

Headaches 7 (3.8%) 1 (3.5%) 0.63

Vomiting 2(1.1%) 0 (0.0%) 1.00

Sample types of mNGS, N

Blood 197 28

CSF 12

Ascitic fluid 10 2

Pleural effusion 8 1

Urine 7

Sputum 6

Pus 5

BALF 2

bone marrow 2

Drainage and Puncture fluid 12

Puncture 2 1

Blood routine examination

Whole blood cell (x10%/L) 72 (5.1-11.1) 64 (4.5-102) 0.56

Neutrophils % 73.5(60.4-84.2) 68.1 0.08
(59.4-77.2)

Lymphocytes % 176 (88-26.0) 1845 0.56
(12.7-27.3)

Immune status 0.96

Normal 174 27

Immunocompromised 10 1

Examination findings

C-reactive protein (mg/L), 62.3(14.3-124.9) 40.0 0.34

median (IQR) (12.1-74.2)

Procalcitonin (ug/L), median  0.18 (0.08-0.77) 0.12 0.02

(IQR) (0.07-0.57)
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the remaining 58 patients (27.4%), resulting in the inclu-
sion of 295 total samples (Table 1).

The performance of cfDNA mNGS compared with
conventional methods

In general, 89 microbes in total identified in 75.9%
(224/295) specimens by mNGS, and bacteria (1=65)
were the most common organism, among which gram-
negative bacteria accounted for 46.2% (30/65). Oth-
ers included 10 fungi, 13 viruses, and Cyclospora
cayetanensis (Supplementary Table 1). Microorganisms
were detected in 165 blood samples, with a detection
rate of 73.0% (165/226). A total of,15 pathogens were
detected in 25 positive blood cultures (12.1%, 25/207).
E. coli (n=8) was the most common bacteria species,
and others identified by culture were Staphylococcus spp.
(n=6), Salmonella enterica (n=2), and Klebsiella pneu-
moniae (n=2) and so on (Fig. 1). The two tests (culture
and mNGS) were both positive in 23 of 207 specimens
and were both negative in 51 specimens (Fig. 1A). Only
two samples had only culture-positive results. 131 cases
were mNGS test positive and culture negative. Rare and
intracellular pathogens, such as Brucella melitensis (n=2)
and Mycobacterium tuberculosis complex (n=7) were
detected solely by mNGS. Overall, in the pairs of mNGS
and culture, the total detection rate of mNGS was 74.4%
(154/207), which was significantly higher than that of
culture method (12.1%, 25/207; P<0.001).

In addition, T-SPOT was performed in 153 patients
and the results showed 36 patients had suspected TB
infections. Other conventional methods, including GM
tests, serologic tests, PCR, identified 42 positives, includ-
ing 23 viral positives. Combined above conventional
tests, the positive rate of detection was 43.4% (92/212).
Finally, 187 patients got a definite diagnosis and the diag-
nostic information of the remain 25 cases was unclear. As
expected, we found that mNGS showed approximately
28.3% higher sensitivity compared with conventional
tests (59.1% vs. 30.8%; P<0.001), although the specific-
ity of mNGS testing was lower than that of conventional
tests (53.6% vs. 82.1%; P=0.04). Besides, 58.3% mNGS
results were consistent with clinical diagnosis, which
was superior than that of conventional methods (38.5%,
74/187) (Fig. 2A). These data demonstrated that cfDNA
mNGS was superior in the early diagnosis of suspected
infections than conventional methods.

The diagnostic efficiency of mNGS in different infection
types

In our study, blood stream infection (BSI) (107, 67.3%)
comprised the largest component of all the diseases
(Fig. 2B). Lower respiratory tract infections (LRTIs) were
most common [18/52 (34.6%)] in the non-BSI group
[52/159 (32.7%)], followed by intra-abdominal infections
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Fig. 1 The comparison between blood mNGS and culture for potential pathogen detection. (A) The concordance between mNGS and culture for poten-
tial pathogen detection. (B) The pathogens detected by mNGS and culture in the both positive blood samples

(TAIs) [10/52 (19.2%)] and skin or soft-tissue infections
(SSTIs) [7/52 (13.4%)]. In the BSI group, 79 cases were
only performed blood mNGS (single sample subgroup,
sin-sub), and two more types of specimens (multiple
samples subgroup, multi-sub) were collected in 28 cases.
The detection rate and positive coincidence rate in multi-
sub were slightly higher but with no significant differ-
ence (82.3% vs. 96.4%; 69.2% vs. 81.5%). Additionally, in
the non-BSI group, 25 cases were assigned to multi-sub
and the positive coincidence rate significantly increased,
compared with sin-sub (86.4% vs. 31.8%, P<0.001)
(Fig. 2C). When we focused on the muti-sub in both BSI
and non-BSI group, we found the same pathogen was
detected in different samples from the same individual in
nearly half of the cases, indicating that although patients
presented with mild and non-specific symptoms such as

malaise, fever and dry cough, bloodstream infection has
crept up in the patients’ body. (Supplementary Table 2).

The performance of mNGS in identifying infectious and
non-infectious fever

We further compared the ability of mNGS tests to dis-
tinguish ID from NID and found the PPV and NPV of
diagnosing ID by mNGS were calculated to be 87.8%
and 18.9%, respectively (Fig. 2A). The 187 patients com-
plained with fever when they visit to hospital, of whom
46 presented extra symptoms such as muscle or joint
pain, cough, diarrhea etc. Among sin-sub and multi-sub
cases, there was no difference in the diagnostic efficacy of
mNGS in cases presenting only with fever. While, when
patients had other symptoms except fever, the perfor-
mance of mNGS was superior in cases with specimens of
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and conventional methods based on the clinical diagnosis. (B) Infection types of the enrolled cases based on final clinical diagnosis. (C) The comparison
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lower respiratory tract infection; IAl, intra-abdominal infection; SSTI, skin or soft-tissue infection; CNSI, central nervous system infection; UTI, urinary tract
infection; sin-sub, single sample subgroup; multi-sub, multiple samples subgroup

suspected infected sites and blood collected at the same
time (Fig. 2D).

Sixty kinds of pathogens were detected in blood,
including 40 bacteria, 11 viruses, 8 fungi and one para-
site. Viruses were detected in more than half of blood
specimens, followed by bacteria (Fig. 3A). Combined
with clinical manifestations, we found bacterial blood-
stream infections were the most common infections
among the febrile illness patients. We also detected co-
infections of >1 pathogen in this study (n=13), with bac-
terial and viral co-infections being the most common
type (Supplementary Table 3). The pathogen profiles
showed the main causative pathogens identified in bac-
terial infections were E. coli with contributions 13.4%
(Fig. 3B). Pneumocystis jirovecii, Aspergillus flavus and
Cunninghamella bertholletiae were the causative patho-
gens in fungal infections with contributions 14.29%,
respectively. The above dominant pathogens were not
identified in viral and mixed infections, except P, jirove-
cii. Human gammaherpesvirus 4 (EBV) contributed the
most (10% ~ 28.57%) in all types of infection, followed
by Human betaherpesvirus 5 (CMV) with contributions

from 3.33 to 15%. While, the clinical irrelevant EBV,
CMY, and other viruses were identified with a low RPM
(1-148) in bacterial and fungal infections.

The application of mNGS in assisting clinical care

mNGS could play an important role in assisting clinical
care and therapy. Totally, anti-tuberculosis treatment
was performed in 15 patients, with three patients owned
positive results of mNGS and T-SPOT, and 4 patients
with positive mGNS detection but negative T-SPOT.
Among the 11 patients with positive GM test, fungi
were detected by mNGS in 5 patients and two patients
received anti-fungal treatment. Four other patients with
confirmed fungal infections had positive mNGS tests
but negative GM tests. Although viruses were detected
in more than half of blood specimens, only 15 patients
with positive virus results received anti-viral treatment.
Guided by mNGS results, therapeutic regimens for
70.3% cases (149/212) were changed (Table 2). Fourteen
patients completely or partially stopped unnecessary
medication and 10 patients were treated with addi-
tional drugs. Complete or partial changes in types of



Zhang et al. BMC Infectious Diseases (2024) 24:187 Page 7 of 11
A Funei B 1.03 5.00 | Coxiella burnetii 7
:;gl Parasite 13.40 Escherichia coli 25
=2 1% 1.03 Brucella melitensis
e 1.03 Proteus mirabilis 20
1031 Klebsiella p 7 =
3.09 Orientia tsutsugamushi =
1.03 Pr 1! lani ica i
G-22% 103 Pseud. aerugiy
5.00_| Acinetobacter baumannii 10
2.06 5.00 | Haemophilus infh
1.03 Enterobacter cloacae complex 5
Virus G+ 11% 1.03 Salmonella enterica
54% 3.09 Bacteroides fragilis 0
ycobacterium 5.00 | Raoultella ornithinolytica
3% 1.03 Prevotella oris
1.03 Prevotella bivia Bacteri
Other 5.00 | Mycolicibacterium aurum acseria
1% 5.15 Staphylococcus aureus
1.03 Streptococcus parasanguinis
1.03 Streptococcus sanguinis
C 1.03 Enterococcus faecalis
* 1.03 Enterococcus raffinosus
Staphylococcus hominis
5.00 | Coryneb um
1.03 Atopobium rimae
80+ 1.03 Slackia exigua
1.03 Nocardia farcinica
3 3.09 5.00 | Mycobacterium tuberculosi 1l
= ! 1.03 Mycobacterium intracellulare
© . | 5.00 |L ira interro,
< ptospira gans
S ' 1.03 Chlamydia psittaci
% 1.03 Chlamydia abortus -
A 40+ 1443 | 10.00 Human gammaherpesvirus 4
12.37 3.33 14.29 15.00 | Human betaherpesvirus 5
4.12 333 14.29 Human alphaherpesvirus 1
1.03 5.00 | Human betaherpesvirus 6B
2.06 3.33 10.00 | Human betaherpesvirus 7 Viruses
1.03 Hepatitis B virus
1.03 Human polyomavirus 2 ol
0+ 1.03 1429 | 5.00 | Pneumocystis jirovecii
1429 Cunninghamella bertholletiae
T v v 3.09 14.29 Aspergillus flavus Fungi
0 day 1-3 day >4 day 5.00 | Candida albi i g
Days of mNGS detection after admission Bacteria Viruses Fungi Mixed infection

Fig. 3 Pathogen profiles presented by mNGS based on the final clinical diagn

osis and the application of mNGS in assisting clinical care. (A) Distribution

of potential pathogens identified by mNGS in blood samples. (B) The pathogens profiles presented by plasma cfDNA mNGS based on the final diagnosis.
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Table 2 Impact of MNGS on antimicrobial treatment on
suspected infections

Modifications Patients (n=212)
Remove unnecessary agents 14 (6.60%)

Add agents 10 (4.72%)
Change completely 80 (37.73%)
Change agents partially 24 (11.32%)

No change 63 (29.72)

drugs were carried out on 80 and 24 cases, respectively,
37 of whom received changed treatment regimens only
according to mNGS results. Ultimately, most (82.5%,
175/212) of patients recovered and discharged, and 36
patients demonstrated improvement. Only one 80-year-
old patient died due to complications after pulmonary
infection. Additionally, specimens for mNGS tests were
collected from 56, 104, 52 patients on the 0, 1~3 and >4
days of admission, respectively, and the average hospital-
ized days were significantly shortened in the former two
groups (15.1 days for sampling time of day 0, 16.2 days
for sampling time of day 1~3, and 22.5 days for sampling
time >day4, Fig. 3C), which suggested performing mNGS

test as soon as possible can shorten hospitalized days and
reduce hospitalization costs.

Discussion
In this study, we found the detection rate of blood mNGS
was significantly higher than that of culture method.
Although patients presented with mild and non-specific
symptoms such as malaise, fever and dry cough, blood-
stream infection has crept up in host body, where blood
mNGS can be a promising role. If people just complained
with fever, clinicians can perform blood mNGS firstly to
identity possible infections. Guided by mNGS results,
therapeutic regimens could be changed positively, and
the average hospitalized days could be shortened.
Progress in genome sequencing provides hope for over-
coming diagnostic challenges, of which mNGS has been
proven to the utility of detecting nearly all known patho-
gens from clinical samples [38—40]. In our study, poten-
tial pathogens were detected by conventional methods
and cfDNA mNGS at the same time, and the latter had
a high sensitivity (59.1%), approximately 28% higher than
that of conventional methods. Meanwhile, our results
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confirmed that cfDNA mNGS was superior in pathogen
detection with higher TCR (58.3%). Although culture is
the most common approach for most cases of infection,
the limitations were partially attributable to technical
shortfalls in blood culture acquisition as well as to local
foci, uncultivable or fastidious organisms, or very low
rates of viable microorganisms in the specimens [14].
Compared with blood culture, plasma ¢fDNA mNGS can
detect a much wider pathogen spectrum, of which more
than two microbes were detected in 76 cases in our study.
Another limitation of blood culture is that certain patho-
gens require longer growth time on culture media [41],
for example, M. tuberculosis generally takes 2—4 weeks or
even longer to grow, and, and Brucella usually takes more
than one month [23]. In contrast, mNGS can obtain
results within 24 h after sampling, greatly reducing the
detection time. In our culture negative specimens, mainly
detected microorganisms were difficult to culture or have
a long culture time, such as B. melitensis, Chlamydia psit-
taci, and M. tuberculosis, further providing mNGS is a
faster and more effective method for detecting rare and
uncommon pathogens.

As a non-invasive diagnosis, it can diagnose pos-
sible infections by capturing and identifying highly
fragmented cfDNA in the blood [42], which is a double-
edged sword in terms of diagnostic performance. The
increased false positives reduced the specificity of blood
mNGS. Several reasons could result in the false-positive
results such as the abnormal host conditions (overgrowth
of intestinal commensal organisms, increased perme-
ability of the intestinal mucosal barrier, or compromised
immune defence), contamination during sample col-
lection, contamination from commercial kits, analysis
errors including index hopping, nonspecific alignment
with human sequences or similarity species [43]. In our
study, the false positive was likely caused by increased
mucosal barrier permeability or decreased host immune
defense, especially in cancer/ autoimmune/ transplant
patients [44]. As microbial cfDNAs are very short and
their concentrations vary significantly, it poses significant
challenges to the clinical interpretation of the results.
In our study, the false-positives presented low specific
reads (1 to 394), suggesting that the pathogenicity of
microbes detected by blood mNGS with low load should
be evaluated comprehensively combining clinical symp-
toms and other test results. In the future, clinicians also
should construct a negative-control microorganism data-
base to filter out noise signals and reduce false-positive
results. Another unexpected finding was that Macrococ-
cus caseolyticus, two Corynebacterium spp., and three
Staphylococcus spp. only resulted in blood culture, and
were failed to detected by blood mNGS. Gram-positive
bacteria, mycobacteria, and fungi, which own the rigid
cell walls, require bead beating or enzymatic treatment

Page 8 of 11

for adequate recovery of DNA [45], however this could
increase the host-background of human DNA [9]. In our
study, mNGS tests were performed using cfDNA without
host depletion. Hence, we attributed the lower sensitivity
of the above bacteria detection by the low concentration
of the species due to extraction method. In the future, the
extraction method of pathogen DNA still needs to be fur-
ther optimized, and deepening the sequencing coverage
of samples can be another method.

Previously, O’ Grady commented that nucleic acids
of pathogens could be detected from plasma even if the
infection was confined to a specific anatomic location
[36], and a single center study reported that 34 inva-
sive techniques were avoided due to mNGS results [46].
In our study, pathogens in seven cases only detected by
plasma cfDNA mNGS in the non-BSI group indicated
infection in other parts of the body, including LRI, IAI,
and UTI The cfDNA of invasive pathogens might oppor-
tunistically enter the blood when the tissue mucosa was
damaged by local infection or physical damage, resulting
in bacteraemia or viraemia [44, 47]. However, the load
of pathogen cfDNA in loci sites was significantly higher
than that in blood in matched samples [14]. In our study,
compared with focal sites, bacterial DNA presented in
the blood at lower load in the non-BSI group, and the
TCR was higher in multi-sub, indicating that in order to
make definite diagnosis as early as possible and improve
prognosis, specific locations and blood specimens should
be collected at the same time for testing as soon as
possible.

In our study, fever was the frequent presenting com-
plaint from patients in the outpatient setting, and it is
one of the most common reasons for seeking health care
globally [48]. Possible causes of febrile illness include
a wide spectrum of pathogens such as bacterial blood-
stream infections, zoonosis, protozoal infections, fungal
infections and viral infections [49]. Bacterial bloodstream
infections were the most infections in our study, includ-
ing E. coli, K. pneumoniae, Staphylococcus aureus, and
other Gram-negative organisms, consistent with the
previous studies [5, 12]. However, Salmonella enterica,
which was the most common bacterial pathogen in south
and southeast Asia [50], was only detected in one case in
our study. Due to different treatments among diseases,
it is important to recognize the cause of infection, even
if most patients only have mild symptoms. Additionally,
zoonotic infections including Coxiella burnetii, Orientia
tsutsugamushi, Chlamydia abortus, C. psittaci, B. meli-
tensis, Leptospira interrogans, Hantaan Virus, and severe
fever with thrombocytopenia syndrome virus, were iden-
tified in the 9.4% (15/159) of infectious cases in our study.
The close association between people, livestock, and
wildlife in city and countryside of Anhui province is an
important driver of the high prevalence of zoonosis.
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In our study, we detected 10 fungal species in 33 speci-
mens from 24 patients, with 8 species found in the blood.
At present, fungal infections are particularly difficult to
diagnose by traditional means, and only 6 patients in our
study were diagnosed with fungal infection. As shown
in Supplementary Table 1, Aspergillus spp. was detected
in nearly 40% of the fungal positive specimens. Previ-
ous study demonstrated that depending on the underly-
ing immune status of the host, Aspergillus species can
cause a wide spectrum of diseases in humans, including
chronic pulmonary aspergillosis caused by colonization
and proliferation of the fungus [51, 52], allergic bron-
chopulmonary aspergillosis in atopic patients [53], and
invasive pulmonary aspergillosis in the immunocompro-
mised patients [54]. Until now, only two types of circu-
lating molecules, cell wall polysaccharide-based antigens
and fungal DNA can be identified to date in biological
fluids of invasive aspergillosis [55]. However, in contrast
to viruses and bacteria, Aspergillus cells do not circulate,
and the origin and source of the DNA remains undefined.
In our study, the Aspergillus detected in blood samples
with low specific reads (1-35). Due to our inability to
determine whether the DNA detected was associated
with active fungal growth or originated from the deg-
radation of the fungus,, we could not rely on the blood
mNGS results for the diagnosis of fungal infection. There
were two patients diagnosed with A. flavus due to the
fungus was identified both in blood and ascitic fluid, and
their galactomannan serum tests were positive. Hence, a
combination of cfDNA sequencing and GM/galactoman-
nan serum tests could be an efficient diagnostic strategy
to reduce unnecessary antifungal therapy.

Viruses were detected by ¢fDNA mNGS in over half
(119/226, 52.6%) blood samples in our study. While,
according to clinical characteristics, most viruses were
classified as clinical irrelevant microbes. There is still
no uniform standard to determine whether the viruses
detected in blood were pathogenic or virus-carrying
[42]. As reported that some viruses may shed from other
body sites rather than reactivated from the blood [56, 57].
In practice, the clinical significance of the virus needs
to be determined based on the patient’s medical his-
tory and clinical symptoms. In our study, we preformed
PCR among highly suspected viral infectious patients
to conform the reliability of viruses detected by mNGS.
Finally, only six patients were diagnosed with viral infec-
tion, three of whom showed PCR positives, and another
patient was diagnosed with Hantaan virus by PCR test.
Other patients only had positive mNGS results and
finally made diagnosis of viral infections according to
the antiviral treatment and good prognosis. EBV is one
of the most common viruses in humans [58], and around
95% of the human population is infected with EBV [59].
Therefore, the presence with a low RPM (1-148) of EBV
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in blood samples is not surprising. Infection with CMV
is also common throughout the globe, which accounts for
60% of adults in developed countries and more than 90%
in developing countries. The virus can establish lifelong
latent infections of the host, and immunosuppression is
a key trigger of CMV reactivation [60]. Among our CMV
patients, most of them had medical history, including
HIV, systemic lupus erythematosus, diabetes and other
immunosuppressive treatment. Whereas, a multi-center
retrospective cohort study showed the clinical impact in
mNGS positive cases only involved bacteria/ fungi but
not DNA viruses [61]. In our study, as majority of cases
were bacterial infections, we could not evaluate the clini-
cal impact in bacterial/fungal/viral infections accurately.

In the end, there were still some deficiencies in our
study. Both culture and mNGS lack specimen-specific
standards to identify whether detected pathogenic
microorganisms are derived from infection, colonization,
or contamination. The gold standard for the diagnosis of
infectious diseases in our study was based on compre-
hensive consideration, including epidemiology, clinical
manifestations, laboratory test results, imaging results,
mNGS and conventional diagnostic results, and out-
comes after anti-infective treatments. Confirmatory tests,
such as bacterial 16 S rDNA PCR or fungal 28 S rDNA-
ITS PCR, were not performed on the samples. In addi-
tion, our cfDNA mNGS lacks of detection of RNA virus
pathogens, and we performed serological tests or qPCR
to detect suspected RNA viruses, which could result in
the omission of some rare viruses. When single-stranded
DNA viruses exist in the body in single-stranded form,
mNGS would fail to detect them, resulting in false neg-
ative results. Finally, the research was limited by the
single-center study and the relatively small sample size.
The results need further validation in larger-scale clini-
cal trials with comprehensive consideration and rigorous
experimental design.

Conclusion

In this study, we emphasized the importance of blood
mNGS in early infectious patients with mild and non-
specific symptoms. Blood mNGS can be used as a supple-
ment to conventional laboratory examination, and should
be performed as soon as possible to guide clinicians to
perform appropriate anti-infection treatment timely and
effectively. Additionally, combining the contemporane-
ous samples from suspected infection sites could improve
the infections diagnosis and prognoses. Further research
needs to be better validated in large-scale clinical trials to
optimize diagnostic protocol, and the cost-utility analysis
should be performed.

Abbreviations
mNGS  Metagenomic next-generation sequencing
PCR polymerase chain reaction



Zhang et al. BMC Infectious Diseases (2024) 24:187

cfDNA  cell-free DNA

RPM reads per million

NTC non- template control

TCR total coincidence rate

D infectious disease

NID non-infectious disease

BSI blood stream infection

LRTIs lower respiratory tract infections
IAls intra-abdominal infections
SSTls soft-tissue infections

utl urinary tract infection

EBV Human gammaherpesvirus 4

CMv Human betaherpesvirus 5

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512879-024-09043-3.

[ Supplementary Material: Supplementary Table 1~3 ]

Acknowledgements
The authors thank all the clinicians, microbiologists, specialists contributed to
the study.

Author contributions

The authors wish to thank all the study participants. HZ collected and

analysis of the data, designed the study; RBL analysis of the data and wrote
the manuscript; YZZ participated in the analysis of data, and revised the
manuscript; LFH participated in the collection of data and contributed to the
conception; and HX, JBL and YY contributed to the conception, participated in
the interpretation, and revised the manuscript. All authors read and approved
the final manuscript.

Funding

This study was supported by the Scientific Research Project of Anhui
Provincial Health Committee (No. AHWJ 2021b096), the National Natural
Science Foundation of China (no. 81973983, no. 82304209), and "Shaanxi
Qinchuangyuan Chief Scientist” Project (No. 2022-SXKXJ-005).

Data availability

The datasets used and/or analyzed during the current study are available at
National Genomics Data Center (http://ngdc.cncb.ac.cn), reference number
PRJCA013636.

Declarations

Ethical approval and consent to participate

The study was approved by the ethical research committee of the First
Affiliated Hospital of Anhui Medical University (Approval No. PJ-2023-01-03).
The study was conducted according to the Declaration of Helsinki. Informed
consents of the patients were waived by the ethical research committee of
the First Affiliated Hospital of Anhui Medical University.

Consent for publication
Not applicable.

Competing interests

Han Xia, and Ruobing Liang are employed by Hugobiotech Co,, Ltd. The
authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Author details

'Department of Infectious Diseases, The First Affiliated Hospital of Anhui
Medical University, Hefei, China

Department of Scientific Affaires, Hugobiotech Co, Ltd, Beijing, China
3Institute of Bacterial Resistance, Anhui Medical University, Hefei, China
“Anhui Center for Surveillance of Bacterial Resistance, Hefei, China

Page 10 of 11

Received: 20 July 2023 / Accepted: 22 January 2024
Published online: 12 February 2024

References

1. Ryan M, Levy MM. Clinical review: fever in intensive care unit patients. Crit
Care. 2003;7(3):221-5.

2. Marik PE. Fever in the ICU. Chest. 2000;117(3):855-69.

3. Jeon EJ, Jung JW, Choi JC, Shin JW, Park IW, Choi BW, Park AJ, Kim JY. The
value of procalcitonin and the SAPS Il and APACHE Il scores in the differentia-
tion of infectious and non-infectious fever in the ICU: a prospective, cohort
study. J Korean Med Sci. 2010;25(11):1633-7.

4. Steele GM, Franco-Paredes C, Chastain DB. Noninfectious causes of fever in
adults. Nurse Pract. 2018:43(4):38-44.

5. Niven DJ, Laupland KB. Pyrexia: aetiology in the ICU. Crit Care. 2016,20:247.

6. DuanH, Li X, Mei A, LiP LiuY,LiX LW, Wang C, Xie S. The diagnostic value of
metagenomic next rectanglegeneration sequencing in infectious diseases.
BMC Infect Dis. 2021;21(1):62.

7. Forbes JD, Knox NC, Ronholm J, Pagotto F, Reimer A. Metagenomics: the Next
Culture-Independent game changer. Front Microbiol. 2017;8:1069.

8. Sleigh J, Cursons R, La Pine M. Detection of bacteraemia in critically ill

patients using 165 rDNA polymerase chain reaction and DNA sequencing.
Intensive Care Med. 2001;27(8):1269-73.
Kock R, Wullenweber J, Horn D, Lanckohr C, Becker K, Idelevich EA. Imple-
mentation of short incubation MALDI-TOF MS identification from positive
blood cultures in routine diagnostics and effects on empiric antimicrobial
therapy. Antimicrob Resist Infect Control. 2017;6:12.

10.  Herdman MT, Wyncoll D, Halligan E, Cliff PR, French G, Edgeworth JD. Clinical

application of real-time PCR to screening critically ill and emergency-care

surgical patients for methicillin-resistant Staphylococcus aureus: a quantita-
tive analytical study. J Clin Microbiol. 2009;:47(12):4102-8.

Ginn AN, Hazelton B, Shoma S, Cullen M, Solano T, Iredell JR. Quantitative

multiplexed-tandem PCR for direct detection of bacteraemia in critically ill

patients. Pathology. 2017;49(3):304-8.

12. Susilawati TN, Jex AR, Cantacessi C, Pearson M, Navarro S, Susianto A, Loukas
AC, McBride WJ. Deep sequencing approach for investigating infectious
agents causing fever. Eur J Clin Microbiol Infect Dis. 2016;35(7):1137-49.

13.  Fraunberger P, Wang Y, Holler E, Parhofer KG, Nagel D, Walli AK, Seidel D.
Prognostic value of interleukin 6, procalcitonin, and C-reactive protein
levels in intensive care unit patients during first increase of fever. Shock.
2006;26(1):10-2.

14. GuW, Deng X, Lee M, Sucu YD, Arevalo S, Stryke D, Federman S, Gopez A,
Reyes K, Zorn K; et al. Rapid pathogen detection by metagenomic next-
generation sequencing of infected body fluids. Nat Med. 2021;27(1):115-24.

15. Jing C, Chen H, Liang Y, Zhong Y, Wang Q, Li L, Sun S, Guo Y, Wang R, Jiang
Z, et al. Clinical evaluation of an Improved Metagenomic Next-Generation
sequencing test for the diagnosis of Bloodstream infections. Clin Chem.
2021,67(8):1133-43.

16. Ren D,Ren C, Yao R, Zhang L, Liang X, Li G, Wang J, Meng X, Liu J, Ye Y, et al.
The microbiological diagnostic performance of metagenomic next-genera-
tion sequencing in patients with sepsis. BMC Infect Dis. 2021;21(1):1257.

17. Geng S, Mei Q, Zhu C, Fang X, Yang T, Zhang L, Fan X, Pan A. Metagenomic
next-generation sequencing technology for detection of pathogens in blood
of critically ill patients. Int J Infect Dis. 2021;103:81-7.

18. Zuo YH,Wu YX, Hu WP, Chen Y, Li YP, Song ZJ, Luo Z, Ju MJ, Shi MH, Xu SY et
al. The clinical impact of Metagenomic Next-Generation sequencing (mNGS)
test in hospitalized patients with suspected Sepsis: a Multicenter prospective
study. Diagnostics (Basel) 2023, 13(2).

19. WangL, LiS,Qin J, Tang T, Hong J, Tung TH, Xu C, Yu S, Qian J. Clinical diag-
nosis application of Metagenomic Next-Generation sequencing of plasma in
suspected Sepsis. Infect Drug Resist. 2023;16:891-901.

20. QinC, Zhang S, ZhaoY, Ding X, Yang F, Zhao Y. Diagnostic value of metage-
nomic next-generation sequencing in sepsis and bloodstream infection.
Front Cell Infect Microbiol. 2023;13:1117987.

21, LiX Liang S, Zhang D, He M, Zhang H. The clinical application of metage-
nomic next-generation sequencing in sepsis of immunocompromised
patients. Front Cell Infect Microbiol. 2023;13:1170687.

22. Wu J,SongW,Yan H, Luo C, HuW, Xie L, Shen N, Cao Q, Mo X, An K et al.
Metagenomic next-generation sequencing in detecting pathogens in pedi-
atric oncology patients with suspected bloodstream infections. Pediatr Res
2023.


https://doi.org/10.1186/s12879-024-09043-3
https://doi.org/10.1186/s12879-024-09043-3
http://ngdc.cncb.ac.cn

Zhang et al. BMC Infectious Diseases

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

42.

(2024) 24:187

Chen H,Tang M, Yao L, Zhang D, Zhang Y, Zhao Y, Xia H, Chen T, Zheng J. Early
application of metagenomics next-generation sequencing may significantly
reduce unnecessary consumption of antibiotics in patients with fever of
unknown origin. BMC Infect Dis. 2023;23(1):478.

Zhang P, Zhang ZH, Liang J, Shen DY, Li J, Wang D, Jin FF, Song H, Zhang JY,
XuWQ, et al. Metagenomic next-generation sequencing for the diagnosis of
fever of unknown origin in pediatric patients with hematological malignancy.
Clin Chim Acta. 2022;537:133-9.

Fu ZF, Zhang HC, Zhang Y, Cui P, Zhou Y, Wang HY, Lin K, Zhou X, Wu J, Wu
HL, et al. Evaluations of clinical utilization of Metagenomic Next-Generation
sequencing in adults with fever of unknown origin. Front Cell Infect Micro-
biol. 2021;11:745156.

Zhang B, Chen X, Yao X, Li M, Li Z, Liu B, Liu S, Liu Z, Huo J, Han Y. The
diagnostic value of blood metagenomic next-generation sequencing in
patients with acute hematogenous osteomyelitis. Front Cell Infect Microbiol.
2023;13:1106097.

Zheng L, Kang Z, Wang R, Lv M, Gao Z, Xu H, Wang M. Evaluation of the
diagnostic performance of mNGS in detecting Intra-abdominal infections of
the Emergency Department patients. Infect Drug Resist. 2023;16:1421-32.

Li SL, Zhao X, Tao JZ, Yue ZZ, Zhao XY. Application of metagenomic next-
generation sequencing in patients with infective endocarditis. Front Cell
Infect Microbiol. 2023;13:1107170.

Feng S, Rao G, Wei X, Fu R, Hou M, Song Y, Xu C, Han P, Gong B, Chen X et

al. Clinical metagenomic sequencing of plasma microbial cell-free DNA for
febrile neutropenia in patients with acute leukaemia. Clin Microbiol Infect
2023.

Zhang X, Wang F, Yu J, Jiang Z. Clinical application value of metagenomic
second-generation sequencing technology in hematologic diseases with
and without transplantation. Front Cell Infect Microbiol. 2023;13:1135460.
Miller S, Naccache SN, Samayoa E, Messacar K, Arevalo S, Federman S, Stryke
D, Pham E, Fung B, Bolosky WJ, et al. Laboratory validation of a clinical
metagenomic sequencing assay for pathogen detection in cerebrospinal
fluid. Genome Res. 2019;29(5):831-42.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012,9(4):357-9.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics. 2009;25(14):1754-60.

Tsitsiklis A, Osborne CM, Kamm J, Williamson K, Kalantar K, Dudas G,

Caldera S, Lyden A, Tan M, Neff N, et al. Lower respiratory tract infections

in children requiring mechanical ventilation: a multicentre prospective
surveillance study incorporating airway metagenomics. Lancet Microbe.
2022,3(4):284-93.

Chen H, Zhang Y, Zheng J, Shi L, He Y, Niu Y, Lei J, Zhao Y, Xia H, Chen T.
Application of mMNGS in the Etiological diagnosis of thoracic and abdominal
infection in patients with end-stage liver disease. Front Cell Infect Microbiol.
2021;11:741220.

Blauwkamp TA, Thair S, Rosen MJ, Blair L, Lindner MS, Vilfan 1D, Kawli T,
Christians FC, Venkatasubrahmanyam S, Wall GD, et al. Analytical and clinical
validation of a microbial cell-free DNA sequencing test for infectious disease.
Nat Microbiol. 2019;4(4):663-74.

Zhang Y, Cui P, Zhang HC, Wu HL, Ye MZ, Zhu YM, Ai JW, Zhang WH. Clinical
application and evaluation of metagenomic next-generation sequenc-

ing in suspected adult central nervous system infection. J TransI Med.
2020;18(1):199.

Chiu CY, Miller SA. Clinical metagenomics. Nat Rev Genet. 2019,20(6):341-55.
Gu W, Miller S, Chiu CY. Clinical metagenomic next-generation sequencing
for Pathogen Detection. Annu Rev Pathol. 2019;14:319-38.

Simner PJ, Miller S, Carroll KC. Understanding the promises and hurdles of
Metagenomic Next-Generation sequencing as a Diagnostic Tool for Infec-
tious diseases. Clin Infect Dis. 2018;66(5):778-88.

Varadi L, Luo JL, Hibbs DE, Perry JD, Anderson RJ, Orenga S, Groundwater PW.
Methods for the detection and identification of pathogenic bacteria: past,
present, and future. Chem Soc Rev. 2017;46(16):4818-32.

Wang L, Guo W, Shen H, Guo J, Wen D, Yu Y, Wu W. Plasma Microbial Cell-Free
DNA sequencing technology for the diagnosis of Sepsis in the ICU. Front Mol
Biosci. 2021,;8:659390.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

Page 11 of 11

Chen H, ZhengY, Zhang X, Liu S, Yin Y, Guo Y, Wang X, Zhang Y, Zhao C, Gai W
et al. Clinical evaluation of cell-free and cellular metagenomic next-genera-
tion sequencing of infected body fluids. J Adv Res 2023.

Han D, Li R, Shi J, Tan P, Zhang R, Li J. Liquid biopsy for infectious dis-

eases: a focus on microbial cell-free DNA sequencing. Theranostics.
2020;10(12):5501-13.

Greninger AL, Naccache SN. Metagenomics to assist in the diagnosis of
bloodstream infection. J Appl Lab Med. 2019;3(4):643-53.

Rossoff J, Chaudhury S, Soneji M, Patel SJ, Kwon S, Armstrong A, Muller WJ.
Noninvasive diagnosis of infection using plasma next-generation sequenc-
ing: a single-center experience. Open Forum Infect Dis 2019, 6(8).
DinakaranV, Rathinavel A, Pushpanathan M, Sivakumar R, Gunasekaran P,
Rajendhran J. Elevated levels of circulating DNA in cardiovascular disease
patients: metagenomic profiling of microbiome in the circulation. PLoS ONE.
2014;9(8):105221.

Halliday JEB, Carugati M, Snavely ME, Allan KJ, Beamesderfer J, Ladbury GAF,
Hoyle DV, Holland P, Crump JA, Cleaveland S, et al. Zoonotic causes of febrile
illness in malaria endemic countries: a systematic review. Lancet Infect Dis.
2020;20(2)-e27-€37.

Maze MJ, Bassat Q, Feasey NA, Mandomando |, Musicha P, Crump JA. The epi-
demiology of febrile illness in sub-saharan Africa: implications for diagnosis
and management. Clin Microbiol Infect. 2018;24(8):808-14.

Deen J, von Seidlein L, Andersen F, Elle N, White NJ, Lubell Y. Community-
acquired bacterial bloodstream infections in developing countries in south
and southeast Asia: a systematic review. Lancet Infect Dis. 2012;12(6):480-7.
Alastruey-lzquierdo A, Cadranel J, Flick H, Godet C, Hennequin C, Hoenigl M,
Kosmidis C, Lange C, Munteanu O, Page |, et al. Treatment of chronic pulmo-
nary aspergillosis: current standards and Future perspectives. Respiration.
2018;96(2):159-70.

Denning DW, Cadranel J, Beigelman-Aubry C, Ader F, Chakrabarti A, Blot S,
Ullmann AJ, Dimopoulos G, Lange C et al. European Society for Clinical M:
Chronic pulmonary aspergillosis: rationale and clinical guidelines for diagno-
sis and management. Eur Respir J 2016, 47(1):45-68.

Agarwal R, Chakrabarti A, Shah A, Gupta D, Meis JF, Guleria R, Moss R, Den-
ning DW. Group Acalw: allergic bronchopulmonary aspergillosis: review of
literature and proposal of new diagnostic and classification criteria. Clin Exp
Allergy. 2013;43(8):850-73.

Alangaden GJ, Wahiduzzaman M, Chandrasekar PH, Bone Marrow Transplant
G. Aspergillosis: the most common community-acquired pneumonia with
gram-negative Bacilli as copathogens in stem cell transplant recipients with
graft-versus-host disease. Clin Infect Dis. 2002,35(6):659-64.

Latge JP, Chamilos G. Aspergillus Fumigatus and aspergillosis in 2019. Clin
Microbiol Rev 2019, 33(1).

Worth AJ, Houldcroft CJ, Booth C. Severe Epstein-Barr virus infection

in primary immunodeficiency and the normal host. Br J Haematol.
2016;175(4):559-76.

Leng SX, Kamil J, Purdy JG, Lemmermann NA, Reddehase MJ, Goodrum

FD. Recent advances in CMV tropism, latency, and diagnosis during aging.
Geroscience. 2017;39(3):251-9.

Cohen JI. Epstein-Barr virus infection. N Engl J Med. 2000;343(7):481-92.
Walling DM, Shebib N, Weaver SC, Nichols CM, Flaitz CM, Webster-Cyriaque J.
The molecular epidemiology and evolution of Epstein-Barr virus: sequence
variation and genetic recombination in the latent membrane protein-1 gene.
JInfect Dis. 1999;179(4):763-74.

Griffiths P, Reeves M. Pathogenesis of human cytomegalovirus in the immu-
nocompromised host. Nat Rev Microbiol. 2021;19(12):759-73.

Hogan CA, Yang S, Garner OB, Green DA, Gomez CA, Dien Bard J, Pinsky BA,
Banaei N. Clinical impact of Metagenomic Next-Generation sequencing of
plasma cell-free DNA for the diagnosis of infectious diseases: a Multicenter
Retrospective Cohort Study. Clin Infect Dis. 2021;72(2):239-45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Metagenomic next-generation sequencing of plasma cell-free DNA improves the early diagnosis of suspected infections
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Trial design and patients recruitment
	﻿Samples collection and standard of microbiologic diagnostics
	﻿Metagenomic next-generation sequencing
	﻿Criteria for positive mNGS detection
	﻿Diagnostic assessment
	﻿Statistical analysis

	﻿Results
	﻿Patients and sample characteristics
	﻿The performance of cfDNA mNGS compared with conventional methods
	﻿The diagnostic efficiency of mNGS in different infection types
	﻿The performance of mNGS in identifying infectious and non-infectious fever
	﻿The application of mNGS in assisting clinical care

	﻿Discussion
	﻿Conclusion
	﻿References


