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Abstract
Background  Clinical implications of metagenomics next-generation sequencing (mNGS) in sepsis have not been 
fully evaluated. This study aimed to determine the diagnostic, therapeutic, and prognostic impacts of mNGS in sepsis.

Methods  This multicenter prospective study was conducted at 19 sites in China from 2020 to 2021, and 859 adult 
patients hospitalized with sepsis were enrolled. The advantages, challenges, knowledge gaps and privacy risks of 
mNGS were carefully introduced to all participants, and participants chose on their own to either receive conventional 
microbiological test (CMT) alone (conventional-test-only group, n = 394) or receive mNGS test along with CMT 
(combined test group, n = 465). For prognostic analysis, the primary endpoint was 28-day mortality. Secondary 
endpoints included 7-day mortality and average per-day hospital cost. Inverse probability of treatment weighting was 
used to balance covariates between groups. Concurrent CMT and mNGS results from patients in the combined test 
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Background
Sepsis is a life-threatening organ dysfunction triggered by 
a dysregulated host response to an underlying infection 
[1]. Sepsis remains a leading cause of morbidity and mor-
tality worldwide, with an annual estimate of 49  million 
incident cases and 11  million related deaths [2]. Timely 
and appropriate antibiotics are crucial for improved out-
comes [3], but pathogen identification can be challenging 
under traditional modality due to low diagnostic yields 
and long turnaround times. Previous reports demon-
strated increased proportion of culture-negative sepsis, 
which is associated with greater acute organ failure and 
mortality [4, 5]. Notably, atypical pathogens, fastidious 
bacteria, and opportunistic organisms are difficult to cul-
ture [6]. Antibiotic exposure can further reduce culture-
based pathogen detection rate [7], while the inability to 
detect mixed infections is another thorny problem [8]. 
Moreover, conventional microbiological tests (CMT) 
usually take 2 to 5 days to identify causative pathogens 
and measure antibiotic susceptibility, which may con-
tributes to preventable deaths [9]. As for serological or 
polymerase chain reaction (PCR) tests, a presumptive 
microbiological diagnosis has to be made by the physi-
cian first before a specific test can be ordered.

Recent years, new technological advancements have 
revolutionized the modalities of disease diagnosis 
and treatment [10, 11]. Metagenomic next-generation 
sequencing (mNGS) is a molecular-based process in 
which all nucleic acids in a sample are amplified and 
sequenced in an unbiased manner, enabling the identi-
fication of microbes without prior knowledge of poten-
tial pathogens [12, 13]. The clear advantages in speed 
and sensitivity makes mNGS a potent diagnostic tool 
for infectious diseases. Previous literature revealed 
that mNGS yielded a higher pathogen detection rate in 

suspected sepsis [14, 15], pneumonia [16, 17], encepha-
litis and/or meningitis [18, 19], infections in immuno-
compromised hosts [20, 21], and was less affected by 
antibiotic exposure [22]. However, there is still a large 
gap between research evidence and daily clinical prac-
tice. Comprehensive evaluation of the diagnostic and 
therapeutic impacts, as well as the cost-effectiveness of 
mNGS among large sepsis cohorts are limited. Besides, 
it remains unknown whether the turnaround time of 
mNGS would be sufficiently short to make such results 
actionable, and whether earlier and more precise etiolog-
ical diagnosis would lead to improved patient outcomes. 
Hence, in this study, we aimed to explore the role and 
cost of mNGS in detecting causative pathogens, guiding 
antibiotic therapies, and improving prognosis in a large 
multicenter sepsis cohort.

Methods
Study design and population
This study was conducted at 19 hospitals in China 
between March 2020 and October 2021. Adult patients 
were eligible for the study if they were hospitalized for 
sepsis and fulfilled the Sepsis-3 criteria [1]. Patients were 
excluded if they chose do-not-resuscitate, participated in 
other interventional trials, refused to give informed con-
sent, or failed to have infected site samples readily avail-
able for microbiological tests within 24  hours of sepsis 
diagnosis. The study was composed of a non-randomized 
controlled trial and a diagnostic test study, and the study 
flowchart can be found in Fig. 1.

Allocation and intervention
The potential benefits and risks of the use of additional 
mNGS test were carefully explained to the participants 
or their authorized trustee (Fig.  2). Participants then 

group were used for diagnostic analyses. Therapeutic impact of mNGS was evaluated based on subsequent antibiotic 
adjustment.

Results  Compared with composite reference standard, the positive percent agreement of mNGS among infected 
site samples was significantly higher than that of CMT (92.0% [95% CI, 88.7 to 94.5] vs. 51.1% [95% CI, 45.9 to 56.2], 
p < 0.001), while the negative percent agreement of mNGS was inferior to that of CMT (39.6% [95% CI, 29.5 to 50.4] 
vs. 69.2% [95% CI, 58.7 to 78.5], p < 0.001). The mNGS test identified causal microbes in 344 (74.0%) patients, and 
concomitant antibiotic changes occurred in 136 patients (29.2%). Death by day 7 occurred in 24 of 465 (5.2%) patients 
in the combined test group and in 34 of 394 (8.6%) patients in the conventional-test-only group (hazard ratio, 0.44 
[95% CI, 0.26 to 0.77], p = 0.004). However, no significant difference in 28-day mortality was observed between two 
study groups (hazard ratio, 0.82 [0.56 to 1.20], p = 0.300).

Conclusions  The mNGS test of infected site samples exhibited 40% higher pathogen detection rate than CMT in 
patients with sepsis, which led to improved etiological diagnosis and tailored antibiotic therapy. Additional use of 
mNGS halved the risk of early death in 7 days, but did not improve 28-day survival in patients with sepsis.

Trial registration  chictr.org.cn Identifier: ChiCTR2000031113. Registered 22 March 2020.

Keywords  Sepsis, Metagenomics next-generation sequencing, Conventional microbiological test, Etiological 
diagnosis, Antibiotics, 28-day mortality, Inverse probability treatment weighting
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chose the study group to which they would like to be allo-
cated. For patients in the conventional-test-only group, 
only CMT would be performed on infected site samples 
as in routine clinical care. For patients in the combined 
test group, both CMT and mNGS would be conducted 
on infected site samples. The investigator paid for all 

mNGS tests in the study, and the cost of mNGS was also 
included in the calculation of hospitalization expenses 
during data analysis. Selection of the appropriate conven-
tional microbiological testing methods, and interpreta-
tion of the conventional and mNGS test results were only 
at the discretion of the treating clinicians. No test results 

Fig. 1  Study flowchart
Abbreviations BALF, bronchoalveolar lavage fluid
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were disclosed outside the treating team to prevent 
interference. Given the study design, practitioners were 
necessarily unblinded. The rationale for having a non-
randomized design for this study is that at the moment, 
mNGS is still an investigational technique under evalu-
ation and the use of mNGS can raise complicated pri-
vacy and ethical challenges [23]. This study complied 
with the Declaration of Helsinki and was approved by 
the institutional review board at each study site. All par-
ticipants provided written informed consent. All study-
related information including sequencing data was stored 
securely at the study site with access restrictions to pro-
tect confidentiality.

Microbiological tests
Conventional microbiological testing methods used in 
this study include culture, smear microscopy, acid-fast 
staining, Grocott’s methenamine silver staining, serologi-
cal tests for cytomegalovirus (CMV), Epstein-Barr virus 
(EBV), mycoplasma pneumoniae and cryptococcus, serum 
(1,3)-β-D-glucan test (G test), serum galactomannan test 
(GM test), bronchoalveolar lavage fluid (BALF) GM test, 
PCR test for CMV and EBV, nucleic acid test for influenza 
A and B, respiratory syncytial virus, adenovirus, rhinovi-
rus, and mycoplasma pneumoniae, T-SPOT.TB and Xpert 
MTB/RIF. Notably, due to local ‘Dynamic COVID-zero’ 
strategy during the study period, patients who test positive 
for COVID-19 were quarantined in designated hospitals 
and were not able to get admitted to any study center. 

The mNGS platform used in the study was Illumina 
NextSeq 550. Detailed descriptions of the laboratory 
workflow are provided in the supplementary materials. 
Briefly, after sample preparation and nucleic acid extrac-
tion, 30 µL DNA was used to generate libraries with the 
Nextera DNA Flex kit (Illumina, San Diego, USA), and 
10 µL purified RNA was used for complementary DNA 

(cDNA) generation and library preparation with the Ova-
tion Trio RNA-Seq Library Preparation Kit (NuGEN, CA, 
USA). Purification and size selection were carried out fol-
lowing the double-sided bead purification procedure. The 
library was prepared by pooling a 1.5 pM concentration 
of each purified sample equally for sequencing on an Illu-
mina NextSeq 550 sequencer using a 75-cycle single-end 
sequencing strategy. Library quality was assessed with an 
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, USA).

Assessment of diagnostic performance
Due to lack of gold standard of causative microbes, in the 
diagnostic accuracy study, microbiological test results 
were compared to a clinically-adjudicated composite ref-
erence standard. When the participant was discharged 
from hospital or deceased, a committee composed of a 
critical care medicine specialist, an infectious disease 
physician and a clinical microbiologist performed the 
clinical adjudication following a standardized algorithm 
[14]. Complete medical records, including patient his-
tory, physical examination, laboratory investigations, all 
microbiological test results, imaging data, medical treat-
ment, response assessment, and clinical outcomes were 
reviewed. Another senior physician would be involved in 
the adjudication in case of disagreement.

Assessment of therapeutic impact
The therapeutic impact of mNGS tests was evaluated 
based on the following criteria. Escalation of treatment 
was defined as initiation or escalation of appropriate 
therapy (antibiotics, antivirals, or antifungal therapy). 
De-escalation of treatment was defined as discontinua-
tion or de-escalation of unnecessary therapy. Medication 
unchanged applied to situations where treating physi-
cians perceived no need to change the therapy.

Fig. 2  Pros and Cons of mNGS
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Assessment of prognostic effect
In the prognostic study, the primary outcome was death 
from any cause by day 28. Secondary outcomes included 
death from any cause by day 7, changes in Sequential 
Organ Failure Assessment (SOFA) and Acute Physiology 
And Chronic Health Evaluation II (APACHE II) scores 
by day 7, 28-day hospital-free days, and average per-day 
hospital cost. Average per-day hospital cost of the com-
bined test group were calculated as the sum of total hos-
pitalization expenses and the cost of mNGS, divided by 
the hospital length of stay.

Statistical analysis
Based on the previous Chinese Epidemiological Study of 
Sepsis (CHESS) study conducted in China, a 28-day all-
cause mortality rate of 24.3% in the conventional-test-
only group was assumed in this trial [24]. According to 
the results of a multicenter retrospective cohort study, 
16.4% sepsis-associated death were judged as definitely 
or moderately-likely preventable [25]. Hence, we esti-
mated that a sample size of 858 patients would provide 
a power of 80% for a 2-sided 0.05 significance level on an 
assumption that the 28-day mortality would be 20.3% in 
the combined test group.

Categorical variables were summarized as numbers 
and percentages, and were analyzed using the chi-square 
test. Continuous variables were summarized as medians 
and interquartile ranges (IQR), with Mann-Whitney U 
test used to assess the difference between groups when 
the assumptions of normality of t-test were not met. 
Confidence intervals (CI) were calculated according 
to the percentile method. McNemar’s test was used to 
examine paired dichotomous data. The primary analysis 
used inverse probability of treatment weighting (IPTW). 
To calculate the inverse probability weights, we estimated 
each patient’s propensity to receive combined micro-
biological tests using a logistic regression model includ-
ing twenty-four confounding variables (see Table  1 for 
those variables). Stabilized weights were used to reduce 
the variability of estimates. Kaplan-Meier curves were 
plotted and log-rank test results were reported based 
on the inverse-probability-weighting weights. Hazard 
ratios were estimated using weighted Cox proportional-
hazards models, stratified by study center and adjusted 
for clinical covariates. Several sensitivity analyses were 
performed to assess the robustness of results, including 
multivariable adjustment and propensity score matching 
(PSM). To conduct PSM, 1:1 nearest neighbour method 
with a caliper of 0.2 was applied to create a matched 
control sample. Balance among covariates were assessed 
by standardized mean difference and a difference of 
10% or less was considered well-balanced. We analyzed 
changes in SOFA and APACHE II scores, as well as hos-
pital free days and hospitalization costs in the framework 

of a linear model. Statistical analyses for secondary end 
points were not adjusted for multiplicity, so the find-
ings should be interpreted as exploratory. Similarly, the 
widths of CI have not been adjusted for multiplicity and 
should not be used in place of hypothesis testing. The sta-
tistical analyses were performed using R, version 4.3.0 (R 
Foundation), with a two-sided P value of less than 0.05 
considered as significant.

Results
Patients and samples
A total of 1368 patients were screened and 859 patients 
were eventually enrolled, of whom 394 chose to enter 
the conventional-test-only group and 465 chose to enter 
the combined test group (Fig. 1). Baseline characteristics 
of the two groups before and after IPTW and PSM are 
shown in Table  1 and supplementary table S1, respec-
tively. Other important laboratory features were sum-
marized in supplementary table S2. Patients who chose 
to receive additional mNGS test were older, had higher 
Charlson comorbidity index, SOFA and APACHE II 
scores, and were more likely to suffer from shock or 
receive invasive mechanical ventilation. The covariates 
were well balanced after weighting or matching with all 
standardized differences less than 10%.

Of the 465 patients in the combined test group, the 
majority were diagnosed with pulmonary infections (310 
[66.7%]), followed by urinary tract infections (66 [14.2%]) 
and intra-abdominal infections (53 [11.4%]). Accordingly, 
most of the infected site samples belonged to the respi-
ratory system, with 293 (63.0%) from BALF or sputum, 
followed by urine (66 [14.2%]), pus from deep abscess (30 
[6.5%]), peritoneal effusion (22 [4.7%]), pleural effusion 
(17 [3.7%]), and blood (14 [3.0%]) (Fig.  1). The median 
turn-around time were 24.5 (IQR, 24.0–25.0) hours for 
mNGS and 48.0 (IQR, 27.0–72.0) hours for culture (sup-
plementary figure S1).

Diagnostic performance
For the 465 patients in the combined test group, caus-
ative pathogens were identified in 374 (80.4%) patients 
when composite reference standard was used as the cri-
teria. At per-patient level, the conventional and mNGS 
test of infected site samples successfully detected caus-
ative pathogen(s) in 191(41.1%) and 344 (74.0%) patients, 
respectively. The overall positive percent agreement of 
mNGS was significantly higher than that of CMT (92.0% 
[95% CI, 88.7 to 94.5] vs. 51.1% [95% CI, 45.9 to 56.2], 
p < 0.001) (Table 2) and the benefit was maintained across 
all sample types and clinical subgroups, yet an even larger 
difference favoring mNGS could be observed in immuno-
compromised hosts, in patients with lower SOFA scores 
and without invasive mechanical ventilation (supplemen-
tary figure S2). The overall negative percent agreement 



Page 6 of 12Xu et al. Journal of Translational Medicine          (2025) 23:394 

of mNGS was inferior to that of CMT (39.6% [95% CI, 
29.5 to 50.4] vs. 69.2% [95% CI, 58.7 to 78.5], p < 0.001), 
mainly due to the unsatisfactory performance of mNGS 
among respiratory samples (27.8% [95% CI, 17.9 to 39.6] 
vs. 62.5% [95% CI, 50.3 to 73.6], p < 0.001) (Table 2). The 
negative predictive value of mNGS was higher than that 
of CMT (54.5% [95% CI, 41.8 to 66.9] vs. 25.6% [20.3 to 
31.5], p < 0.001), while the positive predictive values of 
the two tests were comparative (86.2% [95% CI, 82.4 to 
89.4] vs. 87.2% [95% CI, 82.1 to 91.3], p = 0.588) (Table 2).

Per-pathogen level analysis yielded an overall positive 
percent agreement of 89.3% (95% CI, 86.2 to 91.9) for 

mNGS and 45.1% (40.7 to 49.6) for CMT (p < 0.001). The 
positivity rate of mNGS outperformed that of CMT in 
pulmonary infections of P. aeruginosa (26/29 vs. 15/29, 
p = 0.013), S. aureus (17/18 vs. 7/18, p = 0.013), E. fae-
cium (13/14 vs. 0/14, p < 0.001), H. parainfluenzae (11/11 
vs. 1/11, p = 0.002), E. faecalis (8/8 vs. 1/8, p = 0.016), 
anaerobes (7/7 vs. 1/7, p = 0.031), C. psittaci (6/7 vs. 
0/7, p = 0.031), L. pneumophila (6/6 vs. 0/6, p = 0.031), 
H. influenzae (6/6 vs. 0/6, p = 0.031), P. jiroveci (20/20 
vs. 2/20, p < 0.001), and Aspergillus spp. (14/15 vs. 4/15, 
p = 0.006). Details of the pathogens and the concordance 
between tests are shown in supplementary table S3–6.

Table 1  Baseline characteristics of patients, according to the microbiological test methods used, before and after inverse probability 
weighting
Characteristics a Cohort before inverse probability weighting Cohort after inverse probability weighting b

Convention-
test-only group 
(n = 394)

Combined test 
group (n = 465)

p value SMD Convention-
test-only group 
(n = 395)

Combined test 
group (n = 464)

p 
value

SMD

Male, n (%) 259 (65.7) 307 (66.0) 0.987 0.006 258 (65.2) 305 (65.9) 0.848 0.014
Age 66.0 [52.0, 75.0] 68.0 [55.0, 77.0] 0.024 0.163 67.0 [54.2, 75.1] 66.8 [53.0, 76.0] 0.855 0.003
Han Chinese, n (%) 393 (99.7) 462 (99.4) 0.736 0.059 394 (99.7) 462 (99.5) 0.766 0.021
BMI 22.9 [21.0, 24.9] 22.9 [20.8, 25.2] 0.841 0.022 22.9 [20.8, 24.8] 22.9 [20.8, 25.2] 0.902 < 0.001
Immunocompromised, n (%) 44 (11.2) 60 (12.9) 0.502 0.053 45 (11.4) 54 (11.6) 0.922 0.007
CCI 3.0 [2.0, 5.0] 4.0 [2.0, 5.0] 0.025 0.159 3.0 [2.0, 5.0] 3.2 [2.0, 5.0] 0.851 0.010
Shock, n (%) 110 (27.9) 169 (36.3) 0.011 0.181 133 (33.6) 153 (33.0) 0.852 0.014
MODS, n (%) 113 (28.7) 196 (42.2) < 0.001 0.284 143 (36.2) 167 (36.1) 0.970 0.003
HR, beats per minute 98.0 [84.0, 114.0] 100.0 [85.0, 

116.0]
0.325 0.093 99.8 [85.0, 115.0] 100.0 [85.0, 

115.0]
0.740 0.006

RR, breaths per minute 20.0 [19.0, 24.0] 22.0 [19.0, 26.0] 0.02 0.17 20.0 [19.0, 25.0] 21.0 [18.0, 26.0] 0.994 0.002
SBP, mmHg 122.0 [108.0, 137.0] 121.0 [105.0, 

139.0]
0.904 0.003 121.1 [106.0, 138.0] 120.8 [105.0, 

139.0]
0.909 0.007

DBP, mmHg 71.0 [62.0, 79.8] 70.0 [60.0, 78.0] 0.058 0.132 70.0 [60.0, 79.0] 70.0 [60.0, 79.2] 0.996 0.010
SOFA 5.0 [3.0, 8.0] 6.0 [3.0, 10.0] 0.011 0.179 6.0 [3.0, 9.0] 5.0 [3.0, 9.0] 0.791 0.004
APACHE II 15.0 [10.0, 21.0] 16.0 [10.0, 23.0] 0.037 0.115 15.0 [10.0, 22.0] 16.0 [10.0, 23.0] 0.690 0.011
WBC, ×109/L 10.4 [7.1, 14.6] 11.1 [7.1, 16.3] 0.145 0.128 10.9 [7.4, 16.2] 10.7 [7.0, 15.8] 0.639 0.021
PCT, ng/ml 1.7 [0.3, 16.0] 2.1 [0.3, 13.7] 0.495 0.011 1.8 [0.3, 16.6] 2.0 [0.3, 12.1] 0.809 0.001
Bilirubin, µmol/L 14.6 [9.8, 26.9] 14.5 [9.8, 23.8] 0.419 < 0.001 14.8 [9.8, 27.2] 14.2 [9.8, 23.6] 0.252 0.006
Creatinine, µmol/L 88.0 [61.1, 148.8] 87.0 [59.0, 160.0] 0.864 0.001 89.4 [61.7, 148.1] 85.0 [58.0, 155.2] 0.366 0.001
Primary infection site (%) 0.023 0.212 1.000 0.007
Pulmonary 226 (57.4) 310 (66.7) 247 (62.4) 290 (62.6)
Urinary tract 60 (15.2) 66 (14.2) 59 (14.9) 68 (14.7)
Intra-abdominal 62 (15.7) 53 (11.4) 52 (13.1) 61 (13.1)
Others 46 (11.7) 36 (7.7) 38 (9.6) 45 (9.7)
Number of antibiotics 2.0 [1.0, 2.0] 2.0 [1.0, 2.0] 0.072 0.159 2.0 [1.0, 2.0] 2.0 [1.0, 2.0] 0.738 < 0.001
Invasive mechanical ventilation, 
n (%)

63 (16.0) 119 (25.6) 0.001 0.238 81 (20.5) 97 (20.9) 0.893 0.010

CRRT, n (%) 10 (2.5) 20 (4.3) 0.224 0.097 14 (3.5) 17 (3.6) 0.907 0.009
Glucocorticoids, n (%) 53 (13.5) 58 (12.5) 0.746 0.029 48 (12.0) 58 (12.4) 0.858 0.012
Anticoagulation, n (%) 52 (13.2) 56 (12.0) 0.685 0.035 47 (12.0) 57 (12.2) 0.901 0.009
Abbreviations SMD, standardized mean difference; BMI, body mass index; CCI, Charlson Comorbidity Index; MODS, multiple organ dysfunction syndrome; HR, heart 
rate; RR, respiratory rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; SOFA, Sequential Organ Failure Assessment; APACHE II, Acute Physiology and 
Chronic Health Evaluation II; WBC, white blood cell; PCT, procalcitonin; CRRT, continuous renal replacement therapy
a Median (interquartile range) unless otherwise stated
b Counts in the weighted cohort may not sum to expected totals owing to rounding. Percentages may not total 100 because of rounding, and disagreements 
between numbers and percentages in the weighted cohort are the counting of non-integer number values
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Therapeutic impact
Among the 465 patients in the combined test group, 
mNGS results led to medication changes in 136 (29.2%), 
including escalation of antimicrobials in 40 (8.6%), de-
escalation in 58 (12.5%), and concurrent escalation and 
de-escalation in 38 (8.2%). (supplementary figure S3). 

Commonly added antimicrobials based on mNGS results 
included glycopeptides (17.9%) for treatment of gram-
positive cocci, quinolones (5.1%) for treatment of atypical 
bacteria, sulfamethoxazole/trimethoprim (SMZ/TMP) 
(14.1%) and antifungals (28.2%). Meanwhile, the most 
commonly de-escalated antibiotics were carbapenems 

Table 2  Diagnostic performance of conventional Microbiological test (CMT) and metagenomic next-generation sequencing (mNGS) 
for infected site samples
Variable CMT mNGS p
Total infected site samples (n=465)
Test results, n Positive Negative Positive Negative
  Positive by reference standard 191 183 344 30
  Negative by reference standard 28 63 55 36
Measures, % (95% CI)
  Positive percent agreement 51.1 (45.9–56.2) 92.0 (88.7–94.5) < 0.001
  Negative percent agreement 69.2 (58.7–78.5) 39.6 (29.5–50.4) < 0.001
  Positive predictive value 87.2 (82.1–91.3) 86.2 (82.4–89.4) 0.588
  Negative predictive value 25.6 (20.3–31.5) 54.5 (41.8–66.9) < 0.001
Respiratory samples (n=310)
Test results, n Positive Negative Positive Negative
  Positive by reference standard 134 104 216 22
  Negative by reference standard 27 45 50 22
Measures, % (95% CI)
  Positive percent agreement 56.3 (49.7–62.7) 90.8 (86.3–94.1) < 0.001
  Negative percent agreement 62.5 (50.3–73.6) 27.8 (17.9–39.6) < 0.001
  Positive predictive value 83.2 (76.5–88.6) 80.6 (75.3–85.2) 0.262
  Negative predictive value 30.2 (23.0-38.3) 47.6 (32.0-63.6) 0.006
Urinary samples (n = 66)
Test results, n Positive Negative Positive Negative
  Positive by reference standard 13 49 61 1
  Negative by reference standard 0 4 2 2
Measures, % (95% CI)
  Positive percent agreement 21.0 (11.7–33.2) 98.4 (91.3–100.0) < 0.001
  Negative percent agreement 100.0 (39.8–100.0) 50.0 (6.8–93.2) 0.157
  Positive predictive value 100.0 (75.3–100.0) 96.8 (89.0-99.6) 0.157
  Negative predictive value 7.5 (2.1–18.2) 66.7 (94.2–99.2) < 0.001
Intra-abdominal samples (n = 53)
Test results, n Positive Negative Positive Negative
  Positive by reference standard 31 14 43 2
  Negative by reference standard 0 8 0 8
Measures, % (95% CI)
  Positive percent agreement 68.9 (53.4–81.8) 95.6 (84.9–99.5) 0.001
  Negative percent agreement 100.0 (63.1–100.0) 100.0 (63.1–100.0) 1.000
  Positive predictive value 100.0 (88.8–100.0) 100.0 (91.8–100.0) 1.000
  Negative predictive value 36.4 (17.2–59.3) 80.0 (44.4–97.5) 0.002
Other samples (n = 36)
Test results, n Positive Negative Positive Negative
  Positive by reference standard 13 16 24 5
  Negative by reference standard 1 6 1 6
Measures, % (95% CI)
  Positive percent agreement 44.8 (26.4–64.3) 82.8 (64.2–94.2) 0.005
  Negative percent agreement 85.7 (42.1–99.6) 85.7 (42.1–99.6) 1.000
  Positive predictive value 92.9 (66.1–99.8) 96.0 (79.6–99.9) 0.690
  Negative predictive value 27.3 (10.7–50.2) 54.5 (23.4–83.3) 0.014
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(22.9%), followed by glycopeptides (21.4%) and quino-
lones (16.8%) (supplementary table S7-8).

In subgroup analysis, more medication changes hap-
pened in immunocompromised patients than in immu-
nocompetent ones (escalate: 23.3% vs. 15.8%, de-escalate: 
28.3% vs. 19.5%), and in patients presented without shock 
than those with shock (escalate: 18.2% vs. 14.2%, de-
escalate: 22.3% vs. 17.8%). As for infection sites, mNGS 
showed the least clinical impact in patients with intra-
abdominal infections, with escalation of therapy in 9.4% 
and de-escalation in 15.1% patients (supplementary fig-
ure S4).

Prognostic effect
By day 28, death had occurred in 66 of 394 patients 
(16.8% [95% CI, 13.4 to 20.8]) in the conventional-test-
only group and in 89 of 465 patients (19.1% [95% CI, 15.8 
to 23.0]) in the combined test group. In the primary mul-
tivariable analysis with IPTW, there was no significant 
difference in 28-day mortality between groups (hazard 
ratio, 0.82 [0.56 to 1.20], p = 0.300) (Table  3). Weighted 
28-day survival curves are plotted in Fig. 3. In sensitivity 
analyses, alternative analytic strategies yielded consistent 
results on 28-day mortality, including multivariable Cox 

Table 3  Primary and secondary efficacy outcomes in patients with sepsis
Outcome Conventional-test-

only group
Combined test 
group

Adjusted differ-
ence (95% CI)

Adjusted Hazard 
ratio (95% CI)

P 
value

Primary outcome
Mortality at day 28—no./total no. (%) 0.300e

  Multivariable analysis a 66/394 (16.8%) 89/465 (19.1%) NA 0.83
(0.57 to 1.19)

  Propensity score matchingb 60/331 (18.1%) 54/331 (16.3%) NA 0.77
(0.51 to 1.17)

  Inverse probability weighting c 75/395 (19.0%) 78/464 (16.8%) NA 0.82
(0.56 to 1.12)

Secondary outcomesd

Mortality at day 7—no./total no. (%) 34/394 (8.6%) 24/465 (5.2%) NA 0.44
(0.26 to 0.77)

0.004

Change of SOFA on day 7—mean (95% CI) -0.97
(-1.26 to -0.67)

-1.54
(-1.82 to -1.26)

-0.50
(-0.86 to -0.14)

NA 0.007

Change of APACHE II on day 7—mean (95% CI) -1.61
(-2.14 to -1.08)

-2.49
(-3.05 to -1.93)

-0.58
(-1.27 to 0.11)

NA 0.097

Hospital free days at day 28—mean (95% CI) 7.48
(6.68 to 8.29)

7.32
(6.59 to 8.01)

-0.14
(-1.17 to 0.88)

NA 0.782

Average per-day hospital cost, Yuan—mean (95% CI) 6390
(5403 to 7376)

6356
(5489 to 7222)

-144
(-1344 to 1055)

NA 0.813

Abbreviations SOFA, Sequential Organ Failure Assessment; APACHE II, Acute Physiology and Chronic Health Evaluation II
a Shown are the crude mortality rates, and the hazard ratio from the multivariable Cox proportional-hazards model with adjustment for covariates. The analysis 
included all 859 patients
b Shown are the mortality rates after propensity score matching, and the covariate-adjusted hazard ratio from the multivariable Cox proportional-hazards model. 
The analysis included 662 matched patients (331 received only conventional test and 331 received both conventional test and mNGS)
c Shown are the inverse probability-weighted mortality rates, and the covariate-adjusted hazard ratio from the multivariable Cox proportional-hazards model. The 
pseudo-population after propensity weighting included 859 patients (395 received only conventional test and 464 received both conventional test and mNGS)
d For secondary outcomes, shown are inverse probability-weighted outcomes. Widths of the confidence intervals have not been adjusted for multiplicity and may 
not be used in place of hypothesis testing
e P value of the primary analysis estimated by inverse propensity weighting

Fig. 3  Inverse probability weighted Kaplan-Meier survival curves cen-
sored at 28 days for 859 patients with sepsis. Shaded bands represent the 
95% confidence interval. P value was calculated using log-rank test. The 
at-risk table shows the number of patients at risk after inverse probability 
treatment weighting. The inset shows the same data on an enlarged y axis
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regression in crude data (hazard ratio, 0.83 [95% CI, 0.57 
to 1.19], p = 0.303) and PSM analysis (hazard ratio, 0.77 
[95% CI, 0.51 to 1.17], p = 0.228) (Table  3). In the pre-
defined subgroup analyses, younger participants aged 55 
years or below showed a greater benefit from additional 
mNGS test when compared to older participants (supple-
mentary figure S5).

As for secondary outcomes, death from any cause by 
day 7 occurred in 34 of 394 of patients (8.6% [95% CI, 
6.2 to 11.8]) in the conventional-test-only group and 24 
of 465 patients (5.2% [95% CI, 3.5 to 7.6]) in the com-
bined test group (hazard ratio, 0.44 [95% CI, 0.26 to 
0.77], p = 0.004). Patients in the combined test group 
showed a more significant decrease in SOFA scores at 
day 7 (adjusted difference: -0.50 [95% CI, -0.86 to -0.14], 
p = 0.007) and tended to have a more obvious decrease 
in APACHE II scores at day 7 (adjusted difference: -0.58 
[95% CI, -1.27 to 0.11], p = 0.097), though significance 
was not reached. No substantial difference was found 
between groups in 28-day hospital-free days or average 
per-day hospital cost (Table 3).

Discussion
In this study involving a wide range of samples from 
patients with sepsis, mNGS was proved to be a rapid 
and sensitive method for identifying causative patho-
gens, thus serving as an important reference for tailored 
antimicrobial treatment. However, the additional use of 
mNGS test did not improve 28-day survival in patients 
with sepsis.

Few large, multicenter studies have comprehensively 
evaluated the clinical impact of mNGS in sepsis. In a 
cohort of 350 patients with a sepsis alert, the identifica-
tion of sepsis etiology was significantly higher for mNGS 
than for all CMT methods combined [14]. Another mul-
ticenter study, involving 277 patients with suspected sep-
sis, reported that blood mNGS showed better diagnostic 
performance than blood culture, especially in those at 
earlier stage of infection [15]. However, previous stud-
ies had relatively small sample size and focused mainly 
on blood mNGS. Our study further demonstrated that 
mNGS was more sensitive than CMT across various 
sample types. Subgroup analysis showed that the caus-
ative pathogen detection rate of mNGS exceeded that of 
CMT by an absolute difference of nearly 50% points in 
those with lower SOFA scores, and in those without sep-
tic shock or mechanical ventilation. Given the unsatis-
factory diagnostic performance of CMT in patients with 
early stage of the disease, mNGS may be considered as an 
upfront diagnostic test in those patients, rather than as a 
last resort.

The effects of a diagnostic modality on patient out-
comes are generally mediated by subsequent therapeutic 
interventions. In the current study, antimicrobial therapy 

was optimized for roughly 30% of patients based on 
mNGS results, which is similar to the findings of Liang 
et al. on respiratory samples in patients with pulmonary 
infections [26], yet higher than those of Hogan et al. on 
plasma samples in patients with suspected infections 
[27]. A probable reason is that pathogen detection rate is 
much higher for infected site samples than for blood sam-
ples, suggesting that it may be better to use the former 
for mNGS testing. Notably, the early initiation of broad-
spectrum antibiotics in sepsis may provide no reason 
for antibiotic escalation even if specific pathogens were 
later determined by mNGS. This is especially the case in 
patients with abdominal infections, the majority of whom 
were infected by gram-negative bacilli and treated with 
appropriate empirical antibiotics in our study, suggesting 
that there may be bare necessity to use mNGS in abdomi-
nal sepsis. Besides, de-escalation is no easy job for physi-
cians in the real world due to fear of false negative results 
[28]. It is also worth noting that the use of mNGS could 
be even more helpful for immunocompromised hosts in 
identifying pathogens and tailoring treatment, which is 
consistent with prior reports [29–32]. This was probably 
due to the advantage of mNGS in detecting opportunis-
tic microbes [33, 34], indicating potential application of 
mNGS in well-selected patients.

It remains debated to which extent earlier etiologi-
cal diagnosis could have mitigated poor outcomes in 
sepsis [35]. It has been long believed that early identi-
fication of causative pathogens is crucial for favorable 
outcomes, but direct evidence was lacking. Recent stud-
ies demonstrated that appropriateness of initial empiri-
cal antibiotics was not associated with better prognosis, 
probably due to higher compliance with the surviving 
sepsis campaign bundle [36, 37]. However, methodo-
logic limitations existed in evaluating the appropriateness 
of antibiotics. The current study found that additional 
mNGS test resulted in clinically-important modifications 
to empirical antimicrobial therapy in approximately 30% 
of patients, particularly impactful in those infected with 
gram-positive cocci, atypical bacteria, or opportunistic 
pathogens. However, mNGS-guided treatment measures 
only held prognostic value within 7 days, while no sig-
nificant survival benefit was observed at day 28. Several 
reasons may explain the discrepancy. First, other fac-
tors can impact in-hospital outcomes, including delay in 
source control, hospital-acquired infections, medication-
related adverse events, and procedural complications. 
Second, only a small proportion of sepsis-associated 
deaths were regarded as potentially preventable under 
optimal clinical care, while most underlying causes of 
death were related to severe chronic comorbidities [25]. 
In our study, patients who chose to enter the combined 
test group had more comorbidities and worse disease sta-
tus at baseline, which could result in increased mortality. 
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Noteworthy, our data was also in line with the findings 
of prior meta-analysis results, which implied the pooled 
odds ratio of inappropriate administration of empiri-
cal antibiotics were higher for 7-day mortality than for 
28-day mortality [38]. Additionally, current guidelines 
suggest using shorter (5–8 days) over longer (10–14 days) 
duration of antimicrobial therapy in adult sepsis with 
adequate source control, which underscored the pivotal 
role of appropriate antibiotics in early phase of the dis-
ease [39]. Hence, it is reasonable that additional mNGS 
and mNGS-guided treatment measures can only impact 
on early patient outcomes. Given the non-randomized 
design, however, the current study should not be taken 
to rule out the long-term benefit of mNGS in sepsis. 
Our findings illustrated that mNGS can provide a valu-
able treatment window for sepsis, so long as the cost and 
availability of the test do not hamper its application. Fur-
ther studies in larger populations are warranted.

Another interesting finding was that additional mNGS test 
provided a 28-day mortality benefit over CMT in patients 
aged 55 years or below. Further analysis showed that younger 
patients had lower Charlson Comorbidity Index, while 
no significant difference in baseline SOFA score or antibi-
otic adjustment rate was observed between two age groups 
(supplementary table S9 and figure S4A). Hence, it can be 
assumed that age-related comorbidities and chronic disease 
may greatly impaired the prognostic value of mNGS. Of 
note, our results is also in line with the previous study that 
reported the interaction between age and benefits of antibi-
otics, which was associated with significant improvements in 
28-day mortality in younger sepsis patients and lessened as 
age increased [40]. Further study is warranted to investigate 
the survival benefit of mNGS in different age groups.

To our knowledge, this is the first multicenter prospec-
tive study on the prognostic impact of mNGS in sepsis. 
Undoubtedly, a randomized trial, which minimizes the 
unmeasured confounding and bias, is the best approach 
to determine whether benefit can be ascribed to the 
diagnostic method. However, the rationale for having a 
non-randomized design is that at the moment mNGS is 
still an investigational technique under evaluation and 
use of mNGS can raise complicated privacy and ethi-
cal challenges. In real world clinical practice, physicians 
also explain potential benefits and risks of additional 
mNGS test to patients and their families, and patients 
or their authorized trustee chose whether to receive 
additional mNGS test or not after careful consideration. 
Hence, the results of the study are pragmatic and can 
be generalized to the real world in that they may reflect 
the decisions that are made in the real world [41]. With 
the analytic approaches used in the examination of our 
cohort, we have tried to minimize possible confounding 
in a variety of ways. In the main analysis, a multivariable 
regression model with IPTW was used. The application 

of propensity-scored weights to the study population cre-
ates a pseudo-population in which measured confound-
ers are equally distributed across groups. Compared with 
PSM, in which unmatched individuals are discarded from 
the analysis, IPTW is able to retain most individuals in 
the analysis, increasing the effective sample size [42], and 
also allows for the estimation of marginal hazard ratios 
with minimal bias [43]. Notably, we also performed a 
series of analysis using multivariable regression and PSM. 
The consistency of the results across multiple sensitivity 
analyses made our findings reassuring.

An important nontechnical issue regarding mNGS is 
the cost of sequencing, which was one of the main rea-
sons that limit the wide application of mNGS in clinical 
routine. Although the cost of sequencing has dropped 
sharply in the past decade, it is still much higher than 
that of any single conventional test [21]. Besides, the 
inability to distinguish colonization, which may lead to 
overuse of antibiotics and increased costs were another 
concern. In our study, no significant difference in aver-
age per-day hospital cost could be observed between the 
two intervention arms, suggesting that additional mNGS 
test improved short-term survival outcomes not at the 
expense of increased healthcare costs.

Our study had some limitations. First, non-randomized 
nature of the study and patient self-assignment to inter-
vention arm can result in selection bias and decreased 
internal validity, as well as unequal groups and loss of 
blinding. Second, despite the extensive adjustment for 
covariates, there is still a chance of unmeasured con-
founding as with all non-randomized trials. Likewise, the 
treatment regimens in response to pathogen detection 
from multi-centers may be an important factor affect-
ing the estimates of outcomes. Third, interpretation 
of mNGS results may be subjective and all studies on 
mNGS have the same bias of arbitrarily assigning a caus-
ative pathogen. In the case of respiratory diseases, entan-
glement between dysbiosis and infection is even harder 
to illustrate. Future research is needed in the following 
fields: (1) randomized controlled trial evaluating the 
outcomes of additional mNGS test in sepsis; (2) predic-
tive enrichment selecting patients who are more likely to 
benefit from additional mNGS test; (3) pragmatic study 
exploring whether to routinely perform mNGS with con-
ventional tests or to consider mNGS as a salvage method.

Conclusions
In conclusion, the mNGS test of infected site samples 
exhibited higher pathogen detection rate than CMT in 
patients with sepsis, which led to improved etiological 
diagnosis, tailored antibiotic therapy, and better early 
prognosis. With technology improvements, reduction of 
sequencing costs and careful handling of data protection 
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issues, mNGS can be used as a valuable supplement to 
conventional tests in sepsis.
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