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�� INFECTION

Metagenomic next- generation 
sequencing of synovial fluid 
demonstrates high accuracy in 
prosthetic joint infection diagnostics

MNGS FOR DIAGNOSING PJI

Aims
The aim of this study was to evaluate the performance of metagenomic next- generation 
sequencing (mNGS) in detecting pathogens from synovial fluid of prosthetic joint infection 
(PJI) patients.

Methods
A group of 75 patients who underwent revision knee or hip arthroplasties were enrolled 
prospectively. Ten patients with primary arthroplasties were included as negative controls. 
Synovial fluid was collected for mNGS analysis. Optimal thresholds were determined to dis-
tinguish pathogens from background microbes. Synovial fluid, tissue, and sonicate fluid 
were obtained for culture.

Results
A total of 49 PJI and 21 noninfection patients were finally included. Of the 39 culture- positive 
PJI cases, mNGS results were positive in 37 patients (94.9%), and were consistent with cul-
ture results at the genus level in 32 patients (86.5%) and at the species level in 27 patients 
(73.0%). Metagenomic next- generation sequencing additionally identified 15 pathogens 
from five culture- positive and all ten culture- negative PJI cases, and even one pathogen from 
one noninfection patient, while yielding no positive findings in any primary arthroplasty. 
However, seven pathogens identified by culture were missed by mNGS. The sensitivity of 
mNGS for diagnosing PJI was 95.9%, which was significantly higher than that of comprehen-
sive culture (79.6%; p = 0.014). The specificity is similar between mNGS and comprehensive 
culture (95.2% and 95.2%, respectively; p = 1.0).

Conclusion
Metagenomic next- generation sequencing can effectively identify pathogens from synovial 
fluid of PJI patients, and demonstrates high accuracy in diagnosing PJI.
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Article focus
�� Evaluate the sensitivity of metagenomic 

next- generation sequencing (mNGS) in 
detecting infecting microorganisms in 
synovial fluid.
�� Determine the accuracy of mNGS 

by assessing the concordance of its 

results compared to traditional culture 
techniques.

Key messages
�� Metagenomic next- generation sequencing 

exhibits both high sensitivity and speci-
ficity in diagnosing prosthetic joint infec-
tion (PJI).
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�� Metagenomic next- generation sequencing may be 
an adjunct molecular diagnostic tool for identifying 
the pathogens of PJI, especially for culture- negative 
patients.

Strengths and limitations
�� Prospectively evaluating the diagnostic performance 

of mNGS in identifying pathogens from PJIs.
�� Relatively small volume of subjects.
�� Determination of the optimal thresholds for test inter-

pretation can affect the sensitivity and specificity of 
mNGS.

Introduction
Identification of the infecting pathogen is critical to the 
successful management of prosthetic joint infections 
(PJIs).1 Currently, microbial culture is the principal diag-
nostic test for determining the infecting microorganism.2 
However, despite enhancement strategies to improve the 
detection rate (i.e. sonication,3 prolonged incubation,4 
and enhanced culture media),5 culture- negative infec-
tions remain a significant clinical challenge.6,7

Culture- independent techniques including poly-
merase chain reaction (PCR) have been used to improve 
the diagnostic accuracy of infecting organisms. However, 
multiplex PCR has failed to identify pathogens beyond a 
predesigned panel, and has demonstrated limited sensi-
tivity ranging from 50.0% to 81.6%.8-10 Furthermore, 
while 16S ribosomal RNA gene PCR has the potential 
to detect the majority of bacteria, it is unable to iden-
tify fungal or polymicrobial infections and differentiate 
contaminants from the true infecting organism.11

Next- generation sequencing (NGS) is a novel and cost- 
effective technique that can identify all nucleic acids in 
a given specimen within a short time period. Amplicon- 
based NGS (aNGS) is able to sequence broad- range PCR 
amplicons in tandem,12 allowing efficient identification 
of both bacteria and fungi genomes. Tarabichi et al13 
showed the utility of this technique by identifying poten-
tial pathogens from 81.9% of culture- negative PJI cases. 
Metagenomic next- generation sequencing (mNGS) has 
a further advantage over aNGS in that it is able to give a 
full- scale profile of microbes without targeted preampli-
fication.14 Metagenomic next- generation sequencing has 
been shown to substantially increase the detection rate of 
microorganisms in infectious cerebrospinal fluid, blood-
streams, and respiratory systems.15-17

Studies using mNGS in PJI have been traditionally 
performed on explanted and sonicated prostheses. 
Thoendel et al18 demonstrated that this technique was able 
to identify known pathogens in 94.8% of culture- positive 
PJI cases, while identifying new potential pathogens in 
43.9% of culture- negative infections. Additionally, Street 
et al19 reported that mNGS on sonicated fluid achieved 
88.0% sensitivity at the genus level. However, sonicate 
fluid can only be obtained after joint resection. There are 

currently few studies evaluating the efficacy of mNGS 
on synovial fluid. Ivy et al20 applied mNGS approach to 
synovial fluid from failed knee arthroplasties, yielding 
additional pathogens not detected by culture, both from 
culture- positive and culture- negative cases. However, the 
diagnostic performance of PJI was not evaluated in this 
retrospective research.

Therefore, the purpose of this study was to evaluate 
the sensitivity of mNGS in detecting infecting microor-
ganisms in synovial fluid, and determine the accuracy of 
this technique by assessing the concordance of its results 
compared to traditional culture techniques.

Methods
We prospectively enrolled 75 consecutive patients who 
underwent revision hip or knee procedures at our insti-
tution between March 2017 and July 2018. There were 
41 men and 34 women with a mean age of 65.6 years 
(28 to 90). The indications for revision included PJI, loos-
ening, instability, and periprosthetic fracture. A total of 
16 patients underwent irrigation and debridement for 
persistent wound drainage following total hip arthro-
plasty (THA)/total knee arthroplasty (TKA) (less than 
four weeks), and late, acute haematogenous infection. 
PJI was defined according to the criteria of the Muscu-
loskeletal Infection Society (MSIS).21 A cohort of patients 
undergoing primary THA/TKA (n = 10) with no history of 
inflammatory arthritis, joint infections, or prior surgical 
procedures were included as negative controls. Patients 
with incomplete clinical records which prevented differ-
entiation of infection/noninfection, insufficient syno-
vial fluid volume (< 1 ml), or sequencing failure were 
excluded. Sequencing failure is defined as the inability 
to adequately perform a complete sequencing analysis 
secondary to the insufficient DNA extraction or failed 
sequencing library conduction. The study was approved 
and conducted according to the guidelines set forth by 
our institutional review board (Protocol # 2017-094 and 
2018-026). Because of inclusion of aseptic revisions and 
control primary arthroplasties, additional safeguards 
including the formation of a multidisciplinary team of 
microbiologists, infection disease specialists, and ortho-
paedic surgeons were put in place in the event of an 
unexpected positive mNGS result. All patients were 
followed for a minimum of 12 months.
Collection of synovial fluid and periprosthetic  
tissues. Preoperative aspiration was performed in all 
cases with abnormal preoperative ESR (Alifax, Genoa, 
Italy) and CRP (Beckman Coulter, Brea, California, USA). 
For patients with normal ESR and CRP, intraoperative ar-
throcentesis was performed prior to capsulotomy in or-
der to avoid blood contamination. An aliquot of 0.5 ml 
of synovial fluid was assessed for white blood cell count 
and white blood cell differential (Sysmex, Hyogo, Japan). 
Another aliquot of 1 ml of synovial fluid was stored in 
DNase- and RNase- free sterile cryogenic vials (Axygen 
Scientific, Union City, California, USA) at -80℃ for mNGS 
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analysis. Residual fluid was used for culture. In all cases, 
a minimum of five periprosthetic tissue samples were 
collected after arthrotomy from sites with the most ob-
vious inflammation for histopathological examination 
and culture. A positive culture was defined as the same 
organism isolated from a minimum of two cultures. All 
aerobic cultures were held for six days, and all anaerobic 
cultures were held for prolonged incubation for at least 
14 days. The detailed microbiological culture procedure 
is outlined in Supplementary Material.
Implant sonication. We followed the procedure and 
workflow of implant sonication as described by Huang et 
al.11 This process included placing the removed implants 
in a sterile polypropylene sealable container, submerging 
the implants into 500 ml saline solution (Chimin Health 
Management, Taizhou, China), and spinning samples for 
30 seconds followed by sonication for three minutes at 
40 kHz (Woxing, Wuxi, China) in a sterile water bath. Each 
50 ml aliquot of sonicate fluid was concentrated to a final 
volume of 1 ml by centrifugation (1,490 g for ten min-
utes). The resulting fluid was used for culture.
DNA extraction, library preparation, and sequencing. The 
extracted total genomical DNA was sonicated to generate 
fragments. DNA libraries were constructed through end- 
repairing, specific- adaptors ligating, purification, ampli-
fication by PCR, and generation of single- stranded DNA 

circles by circularization reactions. The quantified librar-
ies were processed for 50 bp single- end sequencing on 
the BGISEQ-500 platform (BGI- Wuhan, Wuhan, China). 
Samples were processed in batches with a negative con-
trol (sterile saline).
Bioinformatics pipeline. The raw sequencing data were 
analyzed using a bioinformatics pipeline developed by 
BGI (Figure 1). The procedure briefly includes the follow-
ing steps: 1) clean reads of high quality generated by fil-
tering out short, low- quality, and low- complexity reads; 
2) human host sequences eliminated by mapping to the 
human reference genome; and 3) alignment of the re-
maining sequencing data to the in- house- built microbial 
genome database, generating an original mapped list for 
advanced interpretation. The detailed workflow is listed 
in Supplementary Figure a.
Interpretation of mNGS result. The final result of mNGS 
was interpreted mainly using the number of unique 
reads, relative abundance, and genomical coverage rate 
mapping to pathogens. The detailed definition and cal-
culation are listed in Supplementary Figure a. Optimal 
thresholds for bacterial and fungal identification were 
calculated individually. We determined the 15.0% relative 
abundance in genus level as the threshold for bacterial 
identification that hold the highest Youden index as 0.83, 
with the sensitivity (87.8%; 95% confidence interval (CI) 

Fig. 1

General workflow of metagenomic next- generation sequencing. hg19, human reference genome.
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75.8% to 94.3%) and specificity (95.2%; 95% CI 77.3% 
to 99.2%) (Figures 2a and 2b). Additionally, the fungal 
isolates were relatively rare in this cohort. So, we used the 
30.0% relative abundance in genus level as the threshold 
for fungi validated by Li et al22 using the same mNGS plat-
form (Figure 2c).
Statistical analysis. We performed an a priori power 
analysis to determine the minimum sample size neces-
sary to achieve statistical significance. Using previously 
published data, we estimated the sensitivity of microbi-
ological culture at 70.0% and mNGS at 90.0%.19 We de-
termined that a sample size of 39 patients would achieve 
a power of 80.0% with an alpha error of 0.05. All clin-
ical and laboratory data were analyzed using the non- 
parametric Mann- Whitney U test, the chi- squared test, 
and the independent- samples t- test. The sensitivities and 
specificities of microbiological tests were compared using 
the McNemar’s test for related proportions. In addition, a 
best- and worst- case scenario analysis including and ex-
cluding patients with failed sequencing (n = 2) was per-
formed in order to minimize error. A p- value < 0.05 was 
considered significant. All analyses were performed using 
the SPSS v21.0 software (IBM, Armonk, New York, USA).

Results
Of the 75 patients enrolled, there were five exclusions: 
one patient with incomplete clinical data, two patients 
with insufficient synovial fluid, and two patients in 
which sequencing failed (one culture- negative PJI (CN- 
PJI) and one aseptic). Of the remaining 70 patients (36 
THAs/34 TKAs), 49 were classified as infected according 
to the MSIS criteria and 21 were aseptic. The clinical and 

laboratory characteristics of enrolled patients are listed in 
Table I. The negative primary arthroplasty controls (five 
THAs/five TKAs) were classified as the primary arthro-
plasty control group (Figure  3a). At latest evaluation, 
there were no cases of delayed infection diagnosis in 
either the aseptic noninfected revision or primary arthro-
plasty control groups.

Among the 49 infections, the causative pathogen was 
isolated in synovial fluid alone in 30 cases (61.2%), and 
the pathogen was isolated in comprehensive synovial, 
tissue, and sonicate fluid cultures in 39 patients (79.6%). 
These patients were allocated to the culture- positive PJI 
(CP- PJI) subgroup while the remaining ten PJI patients, 
who according to MSIS criteria had a negative compre-
hensive culture, were classified into the CN- PJI subgroup. 
The antibiotic regimen was determined by a multidisci-
plinary team of specialists based on the combination of 
culture and mNGS results. A single patient in the nonin-
fected group had a single positive culture of coagulase- 
negative staphylococcus (CoNS) from the sonicate fluid. 
The patient was treated as aseptic failure without postop-
erative administration of antibiotic, and at last follow- up 
there were no clinical signs of infection. There were no 
positive cultures from the primary arthroplasty group. 
A single pathogen was isolated in 35 CP- PJI cases while 
four patients in this group had polymicrobial infections. 
The prevalence of infecting organisms in this cohort of 
patients is listed in Table II.

The cost of mNGS per case was $300 USD and took 
48 hours to generate an interpreted result. A median 
24,221,983 raw reads (interquartile range (IQR) 
18,136,658 to 27,783,216) were generated from each 

Fig. 2

Optimal thresholds for infectious bacteria and fungi identification by metagenomic next- generation sequencing (mNGS). a) Youden index was calculated 
under different thresholds of relative abundance in genus level. The optimal threshold of bacterial relative abundance in genus level was determined as 
15% with highest Youden index. b) Standardized number of reads stringently mapped to pathogen in genus level (SNRSMG) ≥ 3 were recognized as basic 
inclusive criteria. The graph shows the SNRSMG and relative abundance of bacteria genus (excluding Mycobacteria and Burkholderia), which were interpreted 
as potential pathogens by mNGS. Red dots indicate culture- positive bacteria identified by mNGS. Blue dots indicate bacteria genera that contained the 
highest relative abundance in samples of culture- negative prosthetic joint infection. Black dots indicate bacteria genera that contained the highest relative 
abundance in samples from the noninfection group. The vertical dotted line indicates the optimal threshold of bacterial relative abundance in genus level was 
determined as 15%. c) SNRSMG and relative abundance of fungal genera that were interpreted as potential pathogens by mNGS. Red dots indicate culture- 
positive fungi identified by mNGS. The vertical dotted line indicates the optimal threshold of fungal relative abundance in genus level was determined as 
30%.
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sequencing. The numbers of total reads from the PJI, 
noninfection, and primary arthroplasty groups were 
similar (p = 0.058, non- parametric Kruskal- Wallis test; 
Figure 4). The mNGS signals in the primary arthroplasty 
group were mostly very weak including low number 
of reads and low coverage rate of the genome. Most of 
the mapped microbes were similar among the different 
control samples considered to be background signals 
from reagents or the laboratory environment. The raw 
mapping result of mNGS always provided a wide range 
of microbial profiles that included pathogens as well as 
background microorganisms.

Of 39 CP- PJI cases, mNGS applied to the synovial fluid 
was able to detect positive pathogens concordant with 
comprehensive culture results in 37 patients (94.9%). 

Furthermore, mNGS results were completely consis-
tent at the genus level in 32 PJI patients (86.5%), at the 
species level in 27 PJIs (73.0%), partly inconsistent in four 
PJIs (10.8%), and totally inconsistent in one PJI (2.9%) 
(Figure  3b). Metagenomic next- generation sequencing 
detected additional potential pathogens in five CP- PJI 
patients, including Mycobacterium tuberculosis (n = 1), 
Cutibacterium acnes (n = 2), Shigella dysenteriae (n = 1), 
and Mycoplasma hominis (n = 1). In six CP- PJI cases, seven 
isolates were missed by mNGS including staphylococci 
(n = 3), Acinetobacter baumannii (n = 1), Enterococcus 
faecalis (n = 2), and Candida tropicalis (n = 1). Finally, in 
all ten CN- PJI cases, mNGS was able to detect potential 
pathogens including staphylococci (n = 3), Mycoplasma 
hominis (n = 3), Parvimonas micra (n = 1), streptococci 
(n = 1), Varibaculum (n = 1), and Corynebacterium (n = 
1) (Figure 3c). With a minimum follow- up of 12 months, 
there were no recurrent infections in the CP- PJI and CN- PJI 
groups.

Using the MSIS definition for infection as the bench-
mark, the sensitivity of mNGS in synovial fluid was 
95.9%, significantly higher than the sensitivities observed 
for synovial fluid culture (61.2%; p < 0.001, chi- squared 
test) or comprehensive cultures (79.6%; p = 0.014, chi- 
squared test). While there were no statistically signif-
icant differences in specificity among synovial fluid 
culture, comprehensive culture, and synovial fluid mNGS 
(100.0%, 95.2%, and 95.2%, respectively; p = 0.100, 
chi- squared test), the sensitivity reached 98.0% when 
mNGS was combined with microbiological culture of 
synovial fluid specimen and 100.0% when combined 
with comprehensive cultures. Meanwhile, the specificity 
achieved by both combinations remained high (95.2% 
and 90.5%, respectively) (Table  III). Finally, a best- and 
worst- case scenario analysis including the two patients 
censored for sequencing failure as either CN- PJI (n = 1) 
or aseptic failure (n = 1) still showed higher sensitivity of 
synovial mNGS compared to comprehensive culture (p = 
0.045, chi- squared test) (Tables IV and V).

Discussion
Accurate identification of infecting organisms in PJI of 
the hip and knee joints can improve the rate of infection 
control.1 Conventional culture methods, even with soni-
cation, can still result in a substantial number of culture- 
negative infections that are barriers to proper antibiotic 
selection.3 As a novel molecular technique, mNGS has 
the ability to obtain accurate and complete genome- level 
profiles of pathogens in a single, rapid, and cost- effective 
assay. This diagnostic technique has been validated in 
sonicates from explanted prostheses but has not been 
prospectively studied in the setting of synovial fluid aspi-
rates prior to revision joint arthroplasty. We previously 
reported our mNGS process and workflow and demon-
strated that it can identify infecting pathogens in syno-
vial fluid in a case of culture- negative infection.23 Our 
results from this show that mNGS can detect pathogenic 

Table I. Clinical and laboratory characteristics of study subjects.

Characteristic

Prosthetic 
joint infection 
(n = 49)

Noninfection 
(n = 21) p- value

Mean age, yrs (SD) 66.0 (13.8) 64.9 (12.2) 0.739*

Sex, n (%) 0.156†

Male 30 (61.2) 9 (42.9)

Female 19 (39.8) 12 (57.1)

Site of arthroplasty, 
n (%)

0.676†

Knee 26 (53.1) 10 (47.6)

Hip 23 (46.9) 11 (52.4)

Mean body mass index, 
kg/m2 (SD)

27.6 (4.8) 28.3 (4.8) 0.537*

Surgical procedure, 
n (%)

0.525†

Debridement with implant 
retention

12 (24.5) 3 (14.3)

Revision with implant 
resection

37(75.5) 18 (85.7)

Antibiotics received two 
weeks prior to surgery, 
n (%)

18 (36.7) 4 (19.0) 0.144†

Clinical and laboratory 
findings
Presence of sinus tract, 
n (%)

12 (22.6) 0 (0.0) < 0.001†

Positive synovial fluid,≥ 
two periprosthetic tissue 
cultures, n (%)

36 (73.5) 1 (4.8) < 0.001†

Mean synovial fluid white 
blood- cell count, cells/
ml (SD)

58,780.8 
(101176.1)

906.5 (548.3) 0.011‡

Mean synovial fluid 
polymorphonuclear 
neutrophils, % (SD)

79.7 (13.0) 44.4 (17.0) < 0.001‡

Mean serum CRP, mg/l 
(SD)

47.4 (41.4) 9.6 (7.1) < 0.001‡

Mean serum ESR, mm/
hr (SD)

67.6 (34.2) 13.5 (5.6) < 0.001‡

Acute inflammation in 
periprosthetic tissue 
histopathology, n (%)

24 (75.0) 0 (0) < 0.001†

*Independent- samples t- test.
†Chi- squared test.
‡Mann- Whitney U test.
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bacteria from synovial fluid as effectively as sonicate fluid, 
especially in culture- negative infection cases.

Our study has several limitations. Firstly, although 
the sample size was sufficiently powered, the number of 
hip and knee infections included in our pilot study was 
relatively low and could have affected the reliability of 
the results. However, the inclusion of various levels of 
controls (i.e. aseptic revisions and even native joints) and 
correlation with conventional culture results can reduce 
the number of false positives and negatives. Further-
more, the addition of best- and worst- case scenario  
analyses minimizes type II error. Secondly, our determi-
nation of the optimal thresholds for test interpretation 
can affect the sensitivity and specificity of mNGS. We 
acknowledge that there is no validated protocol for the 
determination of such a threshold, and as a result the 

decision to set this level of detection and assign certain 
pathogens as contaminants is arbitrary but based on our 
institutional laboratory experience. Additional studies 
from other laboratory centres are necessary to determine 
the optimal thresholds and determination of contami-
nants. Finally, mNGS failed to detect seven pathogens in 
cases of culture- confirmed PJI. Ivy et al20 similarly found 
mNGS was unable to identify pathogens in 14 culture- 
positive PJI cases. The cause of this discordant result is 
unexpected, concerning, and likely multifactorial but 
highlights the need for additional testing refinements. 
The majority of these pathogens were gram- positive cocci 
and fungi. While we used bead- beating to enhance DNA 
extraction, our yield of DNA was lower in gram- positive 
cocci and fungi compared to bacillus. Similar to other 
molecular diagnostic methods, mNGS requires strict 

Fig. 3

a) Flowchart detailing enrolment and microbiological results of study samples. b) The concordance between metagenomic next- generation sequencing 
(mNGS) and culture of culture- positive prosthetic joint infection (PJI), where n = number of patients. c) The number of pathogens detected by mNGS in 
genus- level compared to culture in the PJI group.
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storage and transport conditions to decrease nucleic acid 
degradation. Insufficient DNA extraction can lead to a low 
number of reads or insufficient genome coverage in the 
setting of greater background reads. Additional methods 
such as enzymatic disruption of cell wall, increasing 
sequencing depth, and refining detection thresholds can 
potentially mitigate this problem.

In this series, most of the pathogens in culture- 
positive infections were also identified by mNGS, 
reaching a genus- level consistency at 86.5% and species- 
level consistency at 73.0%. In some ways, this result is 
somewhat surprising since one would think that the 

concordance would be higher if the mNGS is a sensi-
tive and specific test for the diagnosis of PJI. Several 
reasons can account for this discrepancy. Firstly, pitfalls 
in processing, establishment of background thresholds, 
and nucleic acid isolation can lead to failure to identify an 
organism and/or insufficient genome coverage to allow 
for accurate mapping to a species level. Secondly, the 
manifestation of PJI can be highly variable and the pres-
ence of other infecting organisms and the host micro-
biome can influence the relative abundances of various 
pathogens. Weaver et al24 also showed that discordance 
between genomical analysis and culture results was 
possible and reported positive cultures of organisms 
falling below their whole genome shotgun sequencing 
thresholds. Furthermore, mNGS also identified five addi-
tional pathogens from CP- PJI cases, as well as ten patho-
gens from CN- PJI cases. The technique was most useful in 
identifying organisms that usually require special culture 
conditions such as Mycoplasma,25 Mycobacterium,26 and 
C. acnes.27 The test was also helpful in the diagnosis and 
identification of pathogens (streptococci and staphylo-
cocci) in cases that had received antibiotics within two 
weeks prior to resection arthroplasty. These results are 
consistent with prior reports using molecular techniques 
of pathogen detection. Miao et al28 analyzed 511 various 
types of samples from suspected infected patients in the 
clinical setting, and reported the sensitivity of mNGS as 
superior to that of culture (52.5% vs 34.2%; p < 0.01) in 
cases with antibiotic exposure. Furthermore, Thoendel et 
al18 reported detection of additional pathogens in 9.6% 
(11/115) of culture- positive PJI specimens, which were 
considered potential polymicrobial infections. In our 
cases, modifications of antimicrobial therapy according 
to the additional microbiological findings of mNGS 
results led to good infection control and no treatment 
failures at last follow- up. Consequently, mNGS can be a 

Table II. Microbiology finding of synovial fluid culture, periprosthetic tissue culture, comprehensive culture, and synovial fluid metagenomic next- generation 
sequencing.

Microorganism

No. of isolates 
from synovial fluid 
culture

No. of isolates from 
periprosthetic tissue

No. of isolates from 
comprehensive culture

No. of identifications 
from synovial fluid by 
mNGS

Coagulase- negative staphylococci 10 10 13 13

Staphylococcus aureus 7 8 8 8

Anaerobe* 2 2 2 5

Streptococci 5 5 5 6

Gram- negative bacilli 3 3 4 5

Mycoplasma† 0 0 0 4

Enterococcus faecalis 3 3 5 3

Candida‡ 3 5 5 4

Mycobacterium 0 1 1 2

Other organisms§ 1 2 2 3

Total 34 39 45 53

*Including Parvimonas micra, Bacteroides fragilis, and Cutibacterium acnes.
†Including Mycoplasma hominis.
‡Including Candida albicans, Candida parapsilosis, and Candida tropicalis.
§Including Neisseria spp., Helcococcus kunzii, and Corynebacterium tuberculostearicum.
mNGS, metagenomic next- generation sequencing.

Fig. 4

Comparison of median number of mapped reads among prosthetic joint 
infection (PJI), noninfection, and primary arthroplasty (PA) groups. Bars 
indicate interquartile ranges of reads. *p = 0.058
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helpful adjunct in the diagnosis of PJI, in particular cases 
with difficulty in pathogen isolation in those with recent 
history of antibiotic use.

Overall, the sensitivity of mNGS in this pilot study 
to evaluate the diagnostic potential of this method in 
synovial fluid was 91.8%, significantly higher than a 
comprehensive culture method. Even when including the 
censored patients for sequencing failure, the sensitivity 
of mNGS was still higher compared to culture results. 
This outcome is comparable to the results reported from 
previous investigations of pathogens detected from soni-
cate fluid by mNGS.18,19 However, the mNGS technique 
applied in this study was more efficient and concise, and 

was devoid of microbial nucleic acid enrichment and 
whole genomical amplification,29,30 which saved time, 
labour, and costs. The current strategy can also reduce 
the risk of contaminant microbial DNA being introduced 
by the additional steps and reagents.30 When combing 
mNGS and culture tests on synovial fluid, there was only 
a single PJI without an identified pathogen. The clinical 
implication is the ability to not only diagnose infection 
accurately, but also to determine a causative microorgan-
ism(s) prior to surgery which can help guide treatment (i.e. 
irrigation and debridement or single- stage exchanges) 
and antimicrobial strategies both intraoperatively (i.e. 

Table III. Comparison of diagnostic value among different microbiological tests, in which two sequencing failed patients had been excluded.

Positive microbiological test

Prosthetic 
joint infection 
(n = 49)

Noninfection 
(n = 21)

Sensitivity, % 
(95% CI)

Specificity, % 
(95% CI)

Positive 
predictive value, 
% (95% CI)

Negative 
predictive value, 
% (95% CI)

Synovial fluid culture 30 0 61.2 (47.2 to 
73.6)

100.0 (84.5 to 
100.0)

100.0 (88.6 to 
100.0)

52.5 (37.5 to 67.1)

Comprehensive culture 39 1 79.6 (66.4 to 
88.5)

95.2 (77.3 to 99.2) 97.5 (87.1 to 99.6) 66.7 (48.8 to 80.8)

Synovial fluid mNGS 47 1 95.9 (86.3 to 
98.9)

95.2 (77.3 to 99.2) 97.9 (89.1 to 99.6) 90.9 (72.2 to 97.5)

Synovial fluid culture or mNGS 48 1 98.0 (89.3 to 
99.6)

95.2 (77.3 to 99.2) 98.0 (89.3 to 99.6) 95.2 (77.3 to 99.2)

Comprehensive culture or synovial 
fluid mNGS

49 2 100.0 (92.7 to 
100.0)

90.5 (71.1 to 97.3) 96.1 (86.8 to 98.9) 100.0 (83.2 to 100.0)

CI, confidence interval; mNGS, metagenomic next- generation sequencing

Table IV. Comparison of diagnostic value among different microbiological tests. This includes a best- case scenario analysis including the two patients 
censored for sequencing failure as either culture- negative prosthetic joint infection (n = 1) or noninfection (n = 1).

Positive microbiological test

Prosthetic 
joint infection 
(n = 50)

Noninfection 
(n = 22)

Sensitivity, % 
(95% CI)

Specificity, % 
(95% CI)

Positive 
predictive value, 
% (95% CI)

Negative 
predictive value, 
% (95% CI)

Synovial fluid culture 30 0 60.0 (46.2 to 
72.4)

100.0 (85.1 to 
100.0)

100.0 (88.6 to 
100.0)

52.4 (37.7 to 66.6)

Comprehensive culture 39 1 78.0 (64.8 to 
87.2)

95.5 (78.2 to 99.2) 97.5 (87.1 to 99.6) 65.6 (48.3 to 79.6)

Synovial fluid mNGS 47 1 94.0 (83.8 to 
97.9)

95.5 (78.2 to 99.2) 97.9 (89.1 to 99.6) 87.5 (69 to 95.7)

Synovial fluid culture or mNGS 48 1 96.0 (86.5 to 
98.9)

95.5 (78.2 to 99.2) 98.0 (89.3 to 99.6) 91.3 (73.2 to 97.6)

Comprehensive culture or synovial 
fluid mNGS

49 2 98.0 (89.5 to 
99.6)

95.5 (78.2 to 99.2) 98 (89.5 to 99.6) 95.5 (78.2 to 99.2)

CI, confidence interval; mNGS, metagenomic next- generation sequencing

Table V. Comparison of diagnostic value among different microbiological tests. This includes a supposed worst- case scenario analysis including the two 
patients censored for sequencing failure as either culture- negative prosthetic joint infection (n = 1) or noninfection (n = 1).

Positive microbiological 
test

Prosthetic 
joint infection 
(n = 51)

Noninfection 
(n = 21)

Sensitivity, % 
(95% CI)

Specificity, % 
(95% CI)

Positive 
predictive value, 
% (95% CI)

Negative 
predictive value, 
% (95% CI)

Synovial fluid culture 32 0 62.7 (49 to 74.7) 100.0 (84.5 to 
100.0)

100.0 (89.3 to 
100.0)

52.5 (37.5 to 67.1)

Comprehensive culture 41 1 80.4 (67.5 to 89) 95.2 (77.3 to 99.2) 97.6 (87.7 to 99.6) 66.7 (48.8 to 80.8)

Synovial fluid mNGS 47 1 92.2 (81.5 to 96.9) 95.2 (77.3 to 99.2) 97.9 (89.1 to 99.6) 83.3 (64.1 to 93.3)

Synovial fluid culture or mNGS 48 1 94.1 (84.1 to 98.0) 95.2 (77.3 to 99.2) 98.0 (89.3 to 99.6) 87.0 (67.9 to 95.5)

Comprehensive culture or 
synovial fluid mNGS

51 2 100.0 (93.0 to 
100.0)

90.5 (71.1 to 97.3) 96.2 (87.2 to 99.0) 100.0 (83.2 to 100.0)

CI, confidence interval; mNGS, metagenomic next- generation sequencing
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spacer fabrication) and postoperatively. Consequently, 
more accurate treatment regimens could be developed 
to improve the prognosis and reduce the number of 
complications.

The principal challenge of molecular pathogen detec-
tion in PJI rests on our ability to identify true infecting 
microorganisms while disregarding environmental 
contaminants and normal microbiota. These results show 
that while mNGS is a powerful molecular detection tool, 
it has limitations and should not be used as a standalone 
test in the diagnosis of PJI. Metagenomic next- generation 
sequencing leverages the advantage of quantitative 
analysis to help distinguish real pathogens from back-
ground contaminants.31 However, the preamplification 
targeting of 16S ribosomal RNA is more complex, prone 
to contamination by environmental species, and can 
create a bias towards the actual composition of micro-
organisms.32 Since our technique did not include enrich-
ment of nucleic acids, the number of reads mapping to 
pathogens may not reach a level to sufficiently contrast 
background reads. We therefore used relative rather than 
absolute mapping reads abundance values and followed 
the approach described by Street et al19 to determine 
optimal thresholds for pathogen detection. The optimal 
thresholds can be affected by laboratory workflow and 
environments, sequencing platforms, and specimen 
types. Each centre needs to adjust, calibrate, and vali-
date their thresholds and environmental contaminant 
databases in order to ensure the validity of their results.31 
However, long- term follow- up will still need to be deter-
mined if the pathogens that have been screened out are 
the real contaminants.

In conclusion, mNGS can effectively identify patho-
gens of synovial fluid in PJI patients, especially in those 
cases with negative cultures caused by either fastidious 
pathogens or recent antibiotic administration. The tech-
nique exhibits both high sensitivity and specificity but it 
is not perfect and should not be used as a standalone 
test. Combing mNGS with conventional microbiolog-
ical cultures maximizes pathogen detection in the vast 
majority of PJI cases. Further study and refinement of the 
techniques and thresholds for distinguishing true infec-
tion pathogens from contaminants is needed to improve 
sensitivity and specificity.

Supplementary material
  Supplementary text, table, and figure describing 

the microbiological culture methods, process of 
next- generation sequencing, bioinformatic  

analysis, and interpretation of sequencing results applied 
in this study.
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