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Purpose: The purpose of this study was to evaluate the ability of metagenomic next-generation sequencing (mNGS) diagnosing
prosthetic joint infection (PJI) using tissue from hip/knee rapidly and precisely, especially in patients who had received antibiotic
treatment within the preceding two weeks.

Methods: From May 2020 to March 2022, 52 cases with suspected PJI were enrolled. mNGS was performed on surgical tissue
samples. The sensitivity and specificity of mNGS in diagnosis was evaluated using culture in conjunction with MSIS criteria. This
study also looked at how antibiotic use affected culture and mNGS efficacy.

Results: According to MSIS criteria, 31 of the 44 cases had PJI, and 13 were classified in the aseptic loosening group. Sensitivity,
specificity, positive/negative predictive value (PPV/NPV), positive/negative likelihood ratio (PLR/NLR), and area under the curve
(AUC) of mNGS assay were 80.6% (71.9-91.8%), 84.6 (73.7-97.9%), 92.6 (84.2-98.7%), 64.7 (58.6-74.7%), 5.241 (4.081-6.693),
0.229 (0.108-0.482) and 0.826 (0.786—0.967), respectively, with MSIS as a reference. When MSIS was used as a reference, the results
of culture assay were 45.2% (40.8-51.5%), 100 (100.0-100.0%), 100 (100.0-100.0%), 43.3 (39.1-49.5%), +o0, 0.548 (0.396-0.617)
and 0.726 (0.621-0.864), respectively. The AUC values for mNGS and culture were 0.826 and 0.731, respectively, and the differences
were insignificant. mNGS demonstrated higher sensitivity than culture in PJI subjects who had previously received antibiotic treatment
within 2 weeks (69.5% vs 23.1%, P = 0.03).

Conclusion: In our series, mNGS yield a higher sensitivity for diagnosis and pathogen detection of PJI compared to microbiological
culture. Additionally, mNGS is less affected by prior antibiotic exposure.
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Introduction

PJI is the most common fatal complication after joint arthroplasty, with mean 1-year prevalence rates of 0.25-1.0% and
0.4-2% for primary THR and TKR, respectivelyl’2 and rates of up to 15% in revision surgeries.3 4 PJI has imposed
enormous costs on patients and the global medical industry.” Every year, the incidence of PJI rises as more primary and
revision arthroplasty operations are performed worldwide.®’

A good prognosis requires prompt detection and identification of harmful microorganisms. Early and timely diagnosis
of PJI and identification of pathogenic microorganisms remain the key to successful treatment. Because identifying
pathogenic bacteria can not only select effective antibiotics for specific pathogenic microorganisms, but also play
a crucial role in the selection of treatment plan.®® Although various biochemical indications and clinical signs can be
used to diagnose PJI, reliably identifying pathogenic microorganisms remains a significant difficulty. Traditional
microbial culture has clear flaws, such as a high false negative rate.'™'" About 40% of PJI cases still have negative
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culture results using synovial fluid and tissue samples,'*'?

which may be due to inappropriate culture conditions for
particular microorganisms and widespread antibiotic use. Existing pathogenic microorganism diagnostic techniques are
largely based on polymerase chain reaction (PCR), including multiplex PCR and 16S rRNA gene PCR.'*'> However, it
has limitations, such as limited detection of species of pathogenic microorganisms and low resolution for multiple
infections.'®!” Therefore, it is important to seek new diagnostic tools to accurately and precisely identify and treat PJI. It
also termed massively parallel sequencing, that allows for thousands to billions of DNA sequences to be simultaneously
sequenced.

In recent years, metagenomic next-generation sequencing (mNGS) has been a rapidly developing diagnostic tool for

. . . 1 19
pathogenic microorganisms.'®

mNGS, also known as massively parallel sequencing, allow thousands to billions of
DNA sequences to be sequenced simultaneously, identifying all nucleic acid sequences in a sample and searching them in
a dedicated database of pathogenic microbes. Unlike multiplex polymerase chain reaction (PCR), primer extension, or
bait probe enrichment methods, mNGS have high throughput, are independent of pre-detection, and have detection
efficacy against practically all pathogenic microorganisms such as fungi, bacteria, parasites, and viruses. It is crucial in
diagnosing genetic disorders, infectious diseases, and malignant tumors.>*" It has been shown that mNGS is extremely

22.23 \whereas

accurate in diagnosing PJI; Many articles have performed mNGS using articular fluid or implant sonicate,
just a few used tissues. Results of mNGS from different sample types of the same disease may differ.?**° For example,
Miao et al observed a higher positivity in BALF than that in sputum for NTM but not MTB, Aspergillus, or
Cryptococcus.”® Thus, the goals of this study were to (1) determine whether the mNGS assay was accurate in detecting

PJI with tissues and (2) determine how antibiotic administration influenced culture and mNGS efficacy.

Materials and Methods

Study Design, Patient Inclusion, and Exclusion Criteria

We conducted this prospective cohort study at our facility. The Board Review Committee of Zhengzhou Orthopaedics
Hospital approved our study protocols. Each partaker provided informed consent for participation. From May 2020 to
March 2022, all surgically treated cases with primary knee or hip joint PJIs were included in the study. The diagnosis of
PJI was made at our facility following the Musculoskeletal Infection Society (MSIS) diagnostic criteria.”® All cases were
classified into two groups based on the MSIS diagnostic criteria: PJI and non-PJI.

Exclusion criteria were as follows: (1) all patients who refused to provide tissue for NGS evaluation; (2) all patients
who underwent joint replacement after resection of bone tumors or patients with rheumatoid arthritis; (3) all patients who
did not receive histology or had unclear outcomes; and (4) all patients who did not follow-up (<1 month). (5) patients
whose sample sequencing failed. The inability to adequately execute comprehensive sequencing analysis due to poor
DNA extraction and sequencing library formation was called sequencing failure.

Data Source and Collection
The electronic medical record system was used to collect all cases’ demographic data, clinical information, and test
results.

Sample Collection

Before surgery, one clinical practitioner took a rigorously sterile aspiration of synovial fluid from a probably affected joint.

Synovial fluid was collected before the surgical joint capsule incision for individuals with preoperative puncture failure.
Tissue sampling around the prosthesis: Immediately after joint opening, “fresh” instruments were used to extract

tissues from 3 different sites around the hip/knee (inflammatory sites), which was then placed in the sterile sample

containers and sent for NGS and culture.

Smear and Cultures
Intraoperative periprosthetic tissue samples were homogenized for 1 min with BHI broth (3 mL) using a homogenizer
(JXFSTPRP-24L, JingXin, China) under aseptic conditions. The Gram and Ziehl-Neelsen method was used to stain
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treated sample sediments and examined at 100x magnification. Tissue homogenate (0.1 mL) was inoculated onto
Columbia blood agar supplemented with chocolate agar and 5% sheep blood for 7 days at 35 °C, aerobic and anaerobic
conditions. Another 1 mL homogenate was subjected to 14-day incubation in BD BACTEC aerobic/anaerobic/fungal and
acid-fast bacilli bottles.

Following established laboratory procedures, isolated bacteria were tested for the antibiotic susceptibility of positive
culture using the Phoenix 100 (BD) automated system.

Metagenomic Next-Generation Sequencing (MNGS)

The intraoperatively obtained tissue was sliced into pieces before being shipped to the laboratory for mNGS. The initial
step was to isolate total tissue DNA using the TIANamp Micro DNA Kit (DP316, TTANGEN BIOTECH). After that,
Qubit 2.0 (Invitrogen, USA) was used to quantify DNA content, and 200 ng was used in the following step. The second
step was to create and identify a DNA library. Initially, DNA fragmentation, end-repair adaption, dA-tailing addition,
adapter ligation and PCR amplification were used to create a DNA library. The Agilent 2100 Bioanalyzer (Agilent
Technologies, Canada) and qPCR were used to identify the DNA library. To manufacture DNA nanospheres for NGS, the
library was cyclized to form a single-stranded ring structure and then rolled to replicate.

After loading on the chip, samples were sequenced at 20 M 50 bp using the BGISEQ-50 platform (BGI Genomics Co.,
Ltd.). Low quality, adaptor contamination, repeat sequence number, and short (<35 bp) reads were eliminated to obtain
high-quality sequencing data. Human reference genome (hg19)-mapped human host sequences were afterward computa-
tionally subtracted using the Burrows-Wheeler alignment technique. Meanwhile, the remaining data were classified using
simultaneous alignment against four NCBI Microbial Genome Databases (ftp://ftp.ncbi.nlm.nih.gov/genomes/), including

bacteria, viruses, fungi, and parasites. They covered 6350 bacterial genomes/scaffolds, 1798 whole genome sequences,
1064 human infection-associated fungi, and 234 human disease-related parasites.

Statistical Analysis

SPSS17.0 was used in this study to analyze sensitivity, specificity, positive/negative predictive value (PPV/NPV), AUC,
likelihood ratio (LR), and related 95% confidence intervals (CIs) in culture and NGS techniques. Basic characteristics
were displayed using descriptive statistics. To compare continuous data in both groups, the nonparametric Mann—
Whitney U-test or #-test was used, while the chi-square test was used to analyze categorical variables. The McNemar
test was used to compare both approaches. P < 0.05 stood for statistical significance.

Results

General Characteristics and Comorbidities of Patients

This study included 52 cases with clinically suspected PJI, 5 of which were excluded according to our exclusion criteria.
Synovial fluid was obtained from 3 patients, and among the 44 cases in which biopsies were taken for investigation.
Among these cases, 31 (70.5%) were confirmed with PJI, and 13 (29.5%) were non-PJI cases based on MSIS criteria.
There were 21 (47.7%) males and 23 (52.3%) females. The average ages of patients in the PJI and non-PJI groups were
66.4+6.7 and 67.3£8.2, respectively, and the PJI group had significantly higher ESR levels [41.5+18.2 mm/h] than the
non-PJI group [14.4+6.1 mm/h)] (P = 0.00). The difference in CRP levels between the two groups was not statistically
significant [22.1+53.1 mg/L vs 17.2 13.8£2.5 mg/L, P = 0.08]. PCT levels in the PJI group were 1.3 £0.7 ng/mL,
significantly higher than in the non-PJI group [0.2+0.1 ng/mL, P = 0.00]. D-dimer levels did not differ substantially
between groups [1.6+£0.2 mg/L vs 1.4+0.1 mg/L, P = 0.41]. Figure 1 and Table 1 show our enrolled cases’ demographic
and clinical features.

Periprosthetic Tissue Microbial Culture and mNGS Results

Our enrolled cases yielded two positive findings from the culture with the same organism. Microbiological culture
detected 9 types of bacteria, while mNGS detected 15 types of bacteria and 2 types of fungi. There were 13 patients with
positive mNGS and culture results, including 7 completely matched, 4 slightly matched (one of pathogens is the same),
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Figure | Flowchart of patient inclusion.

and 2 completely mismatched. There were no results from polymicrobial cultures. The bacteria with the highest
abundances were S. epidermidis (6/13 [46.2%]), together with S aureus (3/13 [23.1%]). The most commonly identified

bacteria by NGS are S. epidermidis (9/25 [30.0%]) and S. aureus (6/25 [24.0%]) (Table 2).

There were 17 patients that tested positive for MSIS but had negative cultures. Within 12 patients (81.8%), mNGS
could detect an organism, including known pathogens such as Mycobacterium tuberculosis, Streptococcus agalactiae,

and Pseudomonas stutzeri. No infectious organism was isolated from culture or NGS in the remaining 5 patients.

Accuracy of mMNGS and Culture Assays in Diagnosing PJ| Compared with MSIS

The mNGS assay confirmed 25 of the 31 PJI cases found with MSIS, yielding a sensitivity of 80.6% (71.9-91.8%),
which was significantly higher than culture (y* = 41.812, P < 0.001). Specificity, PPV, NPV, PLR, NLR, and AUC were
determined to be 84.6% (73.7-97.9%), 92.6% (84.2-98.7%), 64.7% (58.6-74.7%), 5.241 (4.081-6.693), 0.229 (0.108—

Table | Demographic Characteristics of Patients
Characteristics PJI (n=31) | Non-PJI (n=13) | P value
Age (years, mean) 66.416.7 67.3£8.2 0.43
Gender (male/ female, n%) 15/14 5/8 0.48
Site of replacement (hip/knee, n%) 4/27 4/9 0.004
Body mass index (kg/m?) 25.9+3.6 26.7+2.8 0.56
Exposure to antibiotics within two weeks | 13 2 0.001*
Laboratory findings
ESR (mean * SD, mm/h) 41.5+18.2 14.4%6.1 0.00%*
CRP (mean * SD, mg/L) 22.1453.1 13.8+2.5 0.08
D-dimer (mean * SD, mg/L) 1.6+0.2 1.4%0.1 0.41
PCT (mean * SD, mg/L) 1.320.1 0.2+0.1 0.00%*
Disease duration (months) 10.5+8.6 15.8+8.4 0.35

Note: *P<0.05.

Abbreviations: ESR, Erythrocyte Sedimentation Rate; CRP, C Reactive Protein; PCT, Procalcitonin.
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Table 2 Microbial Results of mNGS and Culture in PJI Group

ID Joint Results of MNGS (Unique Reads) Results of Culture

| Hip Staphylococcus epidermidis (132) Staphylococcus epidermidis
Staphylococcus aureus (14)

2 Knee Staphylococcus epidermidis (284) Staphylococcus epidermidis

3 Knee Staphylococcus epidermidis (3) Staphylococcus epidermidis
Mycobacterium avium (2)

4 Knee Brucella suis / melitensis (91) Brucella
Staphylococcus hominis (27) Staphylococcus epidermidis

Acinetobacter haemolyticus (3)

5 Knee Staphylococcus epidermidis (41) Staphylococcus epidermidis
6 Knee Enterococcus casseliflavus (105) Aspergillus niger (2) Staphylococcus hominis

7 Knee Prevotella intermedia (488) Acinetobacter haemolyticus
8 Knee Staphylococcus epidermidis (148) Staphylococcus epidermidis
9 Knee Enterococcus faecalis (21) Enterococcus faecalis

10 Knee Staphylococcus aureus (92) Staphylococcus aureus

I Knee Enterococcus faecium (168) Enterococcus faecium

12 Knee Staphylococcus aureus (233) Staphylococcus aureus

13 Knee Staphylococcus aureus (9103) Staphylococcus aureus

14 Knee Negative Candida albicans

15 Knee Enterobacter hormaechei (1524) Negative

Staphylococcus aureus (3)

16 Knee Tuberculosis mycobacterium (4) Negative
17 Hip Streptococcus agalactiae (556) Negative
18 Knee Staphylococcus epidermidis (8) Negative
19 Knee Staphylococcus epidermidis (91) Negative
20 Knee Staphylococcus aureus (56) Negative
21 Knee Staphylococcus epidermidis (21) Negative
22 Knee Staphylococcus hominis (17) Negative
23 Knee Streptococcus gordonii (2) Negative
24 Knee Staphylococcus epidermidis (22) Negative
25 Knee Mycobacterium tuberculosis complex (10) Negative

0.482), and 0.826 (0.786—0.967), respectively. Culture had sensitivity, specificity, PPV, NPV, positive likelihood ratio
(PLR), negative likelihood ratio (NLR), and AUC of 45.2% (40.8-51.5%), 100.0% (100.0-100.0%), 100.0% (100.0—
100.0%), 43.3% (39.1-49.5%), 0.726 (0.621-0.864), 0.548 (0.396-0.617), and 0.5 (0.39-0.61), respectively, with MSIS
as a reference (Table 3).
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Table 3 Performance of mNGS and Culture Compared to the MSIS Criteria

Gold Standard | Methods | Sensitivity% | Specificity% | PPV% NPV% PLR NLR AUC
(95% CI) (95% CI) (95% CI) (95% CI) | (95% CI) (95% CI) (95% CI)
MSIS mNGS 80.6 84.6 92.6 64.7 5.241 0.229 0.826
(71.9-91.8) | (73.7-97.9) (84.2-98.7) (58.6-74.7) | (4.081-6.693) | (0.108-0.482) | (0.786-0.967)
Culture 45.2 100 100 433 +oo 0.548 0.726
(40.8-51.5) | (100.0-100.0) | (100.0-100.0) | (39.1-49.5) (0.396-0.617) | (0.621-0.864)
Table 4 Comparison of Diagnostic Efficacies Using MSIS and Culture as the Reference Standard
Methods | Sensitivity% | Specificity% | PPV% NPV% PLR NLR AUC
(95% CI) (95% CI) (95% ClI) (95% CI) (95% CI) (95% CI) (95% CI)
Culture 92.9 53.3 48.1 94.1 1.989 0.152 0.731
(87.7-99.6) (44.8-71.1) (41.2-59.6) | (83.9-99.1) | (1.504-2.814) | (0.085-0.292) | (0.654-0.897)
MSIS 80.6 84.6 92.6 64.7 5.241 0.229 0.826
(71.9-91.8) (73.7-97.9) (84.2-987) | (58.6-74.7) | (4.081-6.693) | (0.108-0.482) | (0.786-0.967)
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.2232

mNGS Performance in Diagnosis with Diverse Reference Standards
Using culture as a control, mNGS achieved sensitivity, specificity, PPV, NPV, PLR, NLR, and AUC of 92.9% (87.7—
99.6%), 53.3% (44.8-71.1%), 48.1.7% (41.2-59.6%), 94.1% (83.9-99.1%), 1.989 (1.504-2.814), and 0.152 (0.085—
0.292) and 0.731 (0.654-0.897), respectively.

Using MSIS as a reference, mNGS achieved the following sensitivity, specificity, PPV, NPV, PLR, NLR, as well as
AUC values: 84.6% (73.7-97.9%), 92.6% (84.2-98.7%), 64.7% (58.6-74.7%), 5.241 (4.081-6.693), 0.229 (0.108—
0.482), and 0.826 (0.786—0.967), respectively (Table 4, Figure 2).

Effects of Antibiotic Exposure on the Positive Rate of mNGS and Culture

13 of the 31 patients in the PJI group (62%) received antibiotics two weeks before mNGS and microbial cultures. In the
case of antibiotic exposure, mNGS achieved a sensitivity of 69.5%, which was significantly higher than microbial culture
(21.3%, P =0.001). Among non-antibiotic exposed patients, mNGS had a sensitivity of 66.7%, and microbial culture had
a sensitivity of 44.4%, with no significant difference (P = 0.34) (Table 5).
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Figure 2 Receiver Operator Characteristic (ROC) curves of mNGS using different reference standards. (A) When culture was used as the reference standard, the Area
Under Curve (AUC) of mNGS was 0.731 (95% Cl: 0.654-0.897); (B) When MSIS was used as the reference, the AUC of mNGS was 0.826 (95% Cl: 0.786-0.964).
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Table 5 Comparison of Antibiotic Use on the Efficacy of mNGS and Culture

Specimen Type Cases | Culture mNGS P value

Positive Cases | Positive Rate | Positive Cases | Positive Rate

Antibiotic use 13 3 23.1% 9 69.5% 0.000
Without antibiotic use | 18 I 61.1% 10 55.6% 0.766
Discussion

PJI represents a fatal complication of hip/knee arthroplasty that can result in multiple surgical interventions, revision
arthroplasty, long-term disability, and poor functional rehabilitation. Infection is responsible for more than 25% of
revision surgeries, and its prevalence is increasing. Aseptic failure is distinguished from septic failure during revision
arthroplasty. Clinical symptoms of PJI include affected joint swelling and discomfort, which can arise with aseptic
failure. Existing diagnostic techniques, such as culture, radiographic test, and smear, are time-consuming and have low
sensitivity and specificity, resulting in inaccurate or missing diagnoses. NGS can sequence all DNAs within a single
sample, thus, yielding more thorough microbial profiles. Numerous recent studies show that the mNGS had a high
sensitivity (61.9-95.6%) and specificity (73.0-100%) in the diagnosis of PJI.>?” However, such studies were mostly
based on synovial fluid or did not study how antibiotic use impacts the efficacy of culture and mNGS. Only a few studies
discuss tissue samples as having diagnostic value. According to our results, mNGS is extremely sensitive and specific for
diagnosing PJI in tissues.

Despite the fact that a few articles suggest that mNGS assay is clinically useful in PJI using bone tissues, there is no
agreement on sensitivity or specificity. For starters, mNGS has many detection steps, and the detection results are
affected by many factors, including reagents, sample types, detection platforms, biological information analysis, and so
on.”® Additionally, it may be related to the disparate reference standards used in these studies. Inadequate reference
standards may cause sample misclassification, lowering test sensitivity and specificity. MSIS and culture have been the
most commonly utilized reference standards for diagnosing PJI. We found that using the MSIS standard mNGS yielded
80.6% sensitivity and 84.6% specificity, whereas culture yielded 92.9% sensitivity and 53.3% specificity. Using culture
as a diagnostic criterion, mNGS achieved lower specificity than traditional MSIS (53.3% vs 84.6%; P < 0.001). This
could be attributed to PJI’s paucibacillary nature, which results in low culture specificity. When culture was used as the
reference standard, mNGS assay-based positive results were deemed false negative, underestimating the actual specifi-
city. Hence, culture is yet another imperfect diagnostic standard. MSIS, based on several assessment indices, may be the
more appropriate standard. Furthermore, the AUC values of both diagnostic standards were not substantially different
(0.731 vs 0.826; P > 0.05). As a result, regardless of the diagnosis criterion, mNGS performed well in diagnosing PJI
using tissues.

Our results showed a 45.2% positive microbial culture rate, which was lower than the results of similar studies.''*’
One possible explanation is that the PJI patients included had a high rate of antibiotic utilization prior to enrollment. In
comparison, the positive rate of mNGS in the antibiotic exposure group was significantly higher than in the microbial
culture group (69.5% vs 15.4%, P < 0.05), which was consistent with a previous study involving 347 patients with
cerebrospinal fluid, alveolar lavage fluid, sputum, ascites, and tissues. In terms of mNGS, its positive rate in antibiotic
exposure cases was significantly higher than in microbial culture (52.7% vs 23.1%, P<0.01).*° These results suggest that
antibiotic exposure may have less of an effect on mNGS detection than microbial culture.

For our patients, the turnaround time for DNA-Seq was 32—-36 h, which should be reduced to roughly 24 h because
the sequencing platform was housed on-site in our center. In comparison, the mean pathogen culture feedback durations
for bacteria, fungi, and mycobacteria were >3, 7, and 45 days, respectively. Therefore, mNGS has a time advantage in
detection.

mNGS also poses certain issues and challenges in the diagnosis of PJI. To begin with, there is no perfect or uniform
technique for identifying background microorganisms, and interpreting sequencing results has become a big challenge.”’
The integration of microbial genetic sequences during sampling and laboratory testing seems unavoidable, making
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identifying the actual pathogenic organism challenging, especially when opportunistic pathogens are present. For
example, Propionibacterium acnes is part of the typical bacterial flora of the skin, sometimes referred to as background
bacteria. However, PJI induced by P. acnes has been documented frequently.**** Secondly, mNGS can only detect drug
sensitivity in the presence of pathogenic microorganisms, and its ability to guide reasonable antibiotic screening should
be improved. In addition, the expensive cost of mNGS detection limits the use of this technology in PJI diagnosis.

Limitations of this study (1) As a Unicenter investigation, this study contained a small number of patients, which may
impair the reliability of the conclusions. In the future, multi-center studies should be conducted to corroborate findings.
(2) There is no certainty that all physicians and surgeons for sampling are the same.

In conclusion, this study suggests that mNGS is valuable for etiological PJI diagnosis, improves PJI detection, and
challenges PJI identification by culture. It can reduce detection time and is less susceptible to antibiotics. It is an excellent
supplemental approach for detecting bacterial cultures. There is a need for a multi-center, large sample, and multi-type
mNGS diagnostic efficacy studies.
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