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Purpose: Early diagnosis of spinal infections remains challenging, and emerging metagenomic next-generation sequencing (mNGS)
technology holds promise in addressing this issue. The aim of this study is to investigate the diagnostic efficacy of mNGS in spinal
infections.

Patients and Methods: A total of 78 cases with suspected spinal infections were enrolled in this study, all of whom underwent
laboratory, histopathological and mNGS examinations upon admission. Lesion samples were obtained by surgical or C-arm-guided
puncture. Sensitivity, specificity, positive predictive value and negative predictive value of culture and mNGS were calculated for
statistical analysis.

Results: With histopathological results as the reference, the included 78 patients were categorized into 50 cases in the spinal infection
group and 28 cases in the aseptic group. The sensitivity (84%) and negative predictive value (77.14%) of mNGS were significantly
higher than those of culture (32% and 44.26%, respectively), whereas no significant differences were observed in terms of specificity
and positive predictive value. In the subgroup analysis for Mycobacterium tuberculosis, the sensitivity of mNGS (90.91%) and T-spot
(90.91%) was significantly higher than that of culture (0). Additionally, mNGS demonstrated markedly higher specificity (100%)
compared to T-spot (85.07%).

Conclusion: This study underscores the substantial advantages of mNGS in terms of diagnostic accuracy and bacterial coverage for
spinal infections. The findings provide compelling clinical evidence that supports the enhanced diagnostic efficacy of mNGS.
Keywords: culture, diagnosis, sensitivity, specificity, bacteria, clinical evidence

Introduction
Spinal infection, an uncommon condition, was first recorded in 1779." When the intervertebral disk is infected, it is
commonly referred to as spondylodiscitis,” whereas infection of the vertebral body or endplates is more precisely termed
vertebral osteomyelitis or spondylitis.> The definitive diagnosis of spinal infection is often delayed by 2—6 months due to
the atypical clinical signs and the low diagnostic efficiency of traditional cultivation methods.* Consequently, the timely
initiation of antibiotic treatment is often missed, and significant structural damage to the spine is frequently already
present by the time a definitive diagnosis is made.

As a novel high-throughput sequencing method, metagenomic next-generation sequencing (mNGS) has been exten-
sively employed for identifying the infecting organism, particularly microorganisms that are challenging to culture.’
Given that the mNGS technique enables rapid and impartial culture-independent diagnosis, it has been adopted in clinical

laboratories for pneumonia, sepsis, and spinal infection.°® In current clinical practice, numerous case reports and
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retrospective studies have demonstrated the superior diagnostic efficiency of mNGS compared to traditional culture
methods.” " Moreover, the use of antibiotics significantly undermines the success of traditional cultures, whereas the
mNGS technique is minimally affected.'” Nevertheless, there remains a scarcity of studies evaluating the accuracy and
validity of mNGS in identifying infectious organisms in spinal infections.

In recent years, with the declining cost of sequencing, mNGS has been implemented in clinical practice, offering
substantial benefits to patients with suspected spinal infections.” Herein, a retrospective study was conducted to evaluate
the accuracy and validity of mNGS in diagnosing spinal infections.

Materials and Methods
Participants

This retrospective study encompassed patients with suspected spinal infections who sought treatment at Sun Yat-sen
memorial hospital from January 2021 to July 2023. Patients with suspected spinal infections were identified based on
their clinical symptoms, laboratory tests, and imaging.""'*> All the cases included underwent both histopathological
examination and mNGS.

Methods of Sample Acquisition

Upon admission, we adhered to the guidelines outlined by the Infectious Diseases Society of America (IDSA) for
diagnosing and treating native vertebral osteomyelitis in adults. Patients meeting criteria for surgical intervention
underwent relevant procedures to acquire lesion samples. Conversely, for those not meeting surgical criteria, we followed
the guidelines, employing a puncture method to obtain samples from the lesion. These interventions were carried out in
a standard orthopedic operating room and were performed by a highly experienced spine surgeon with over thirty years
of clinical practice.

Laboratory Tests

All patients fast for 8 to 12 hours after admission and undergo fasting venous blood collection on the following morning
for subsequent testing. 1) The Ottoman-1000 fully automated specific protein detection analyzer was utilized to measure
C-reactive protein (CRP) levels in whole blood using the latex-enhanced immunoturbidimetric method. A CRP level
exceeding 5 mg/L was considered positive. 2) The Westergren method was used to measure the erythrocyte sedimenta-
tion rate (ESR). 3) The white blood cell (WBC) testing was performed using the Sysmex XS-1000i fully automated
hematology analyzer along with its original reagents. A WBC count exceeding 10x10"9/L was considered positive. 4)
We separate peripheral blood mononuclear cells (PBMCs) from venous blood and utilize the T-SPOT.TB assay kit
(Oxford Immu-Notec Co., LTD, UK) for detection. Interpretation of results: when the spot count in the negative control
wells is between 0-5, if the count of spots in any well containing CFP-10 or ESAT-6 antigens minus the count in the
negative control well is >6, it is considered positive. If the count in the negative control wells is >6, and the count in any
detection well is more than 2 times the count in the negative control wells, it is deemed positive. In cases where the count
in the positive control well is >20, and the count in the detection wells does not meet the positive criteria, it is considered
negative.

Aerobic, Anaerobic and Fungal Cultures

If a patient was suspected of having a spinal infection, blood samples were collected first for aerobic, anaerobic, and
fungal cultures upon the patient’s admission to the hospital. Subsequently, upon obtaining samples from the lesion
site, they are divided into multiple parts for culture testing. Aerobic and fungal samples were stored in sterile test
tubes, while sterile test tubes filled with saline were used to store anaerobic samples. The cultivation period for all
bacteria was set at 7 days, and if no positive results were observed within this time frame, it was determined as

negative.
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Histopathologic Examination
Fresh samples were swiftly transported to the pathology department of Sun Yat-sen Memorial Hospital in sterile test
tubes. As per previously published research, histopathological results were used as the criteria in this study to determine

whether a patient falls into the category of spinal infection."'°

Metagenomic Next-Generation Sequencing

The samples were stored in a sterile container, then preserved and transported to Cellular & Molecular Diagnostics
Center of Sun Yat-sen memorial hospital within 30 minutes in liquid nitrogen. The whole process of sequencing and
pathogen detection pipeline were carried out in the laboratory of Cellular & Molecular Diagnostics Center of Sun Yat-sen
memorial hospital, Sun Yat-sen university, Guangzhou, China. Further comprehensive details can be found in the
Supplementary Material.

Statistical Analysis

One-way analysis of variance (ANOVA) with homogeneity of variances test was employed for the statistical analysis of
baseline data characteristics. Given that the CRP detection threshold was set at 5, and values below 5 could not be
quantified precisely, we designated all values below 5 as 2.5 for the purpose of quantitative statistical analysis. Taking
into account the CRP testing standard established in our laboratory, where CRP levels greater than 5 are considered
elevated compared to the normal population,’'* we proceeded to classify individuals with CRP levels above 5 as
elevated (positive) and those with levels below 5 as normal (negative). Subsequently, we conducted qualitative statistical
analyses once again. We calculated diagnostic performance metrics including sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV), along with their corresponding 95% confidence intervals. We then
employed the McNemar method to assess statistical differences. A p-value less than 0.05 was defined as indicating
statistical significance. All statistical analyses were conducted using IBM SPSS version 26.0.

Results

Characteristics of Study Participants
A total of 78 patients with suspected spinal infection were included in the study based on their clinical symptoms, laboratory
tests, and imaging."'* Ultimately, a total of 50 patients were categorized as infected cases based on the histopathological
examination of the samples, while the remaining 28 patients were considered aseptic cases. No statistically significant
differences were observed in terms of age and gender between the infection group and the aseptic group. The infection
group showed significantly elevated levels of ESR, CRP, and WBC (P<0.001) compared to the aseptic group (Table 1).
Although no statistically significant difference was observed in age and gender between the two groups, the average
age exceeded 54 years in both groups. In the present study, all identified pathogens were shown in Figure 1 and the most
frequently identified pathogens were Mycobacterium tuberculosis (MTB), Staphylococcus aureus, and Escherichia coli.
Compared to traditional culture-based diagnostic methods, mNGS detected a greater variety of bacteria and fungi, and
only mNGS was capable of detecting the presence of viruses.

Table | Baseline Characteristics of Study participants

Infected Aseptic P value
Gender (M/F) 31719 2177 0.248
Age (Years) 54.80+17.07 57.25+17.18 0.546

ESR (mm/h) 81.74+32.75 23.11x18.12 <0.001

CRP (mg/L) 85.96+66.65 13.33£24.06 <0.001

(Positive/Negative) 50/0 12/16 <0.001

WBC (1079/L) 10.64+5.94 7.01£3.25 <0.004
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Figure | Pathogens detected by mNGS and culture.

The Diagnostic Performance of mNGS Compared to Culture in Spinal Infections
In the 28 aseptic samples, only one case yielded a positive culture result, identifying Staphylococcus epidermidis. This represents
the sole case of a positive blood culture among our patients; all other positive culture results were derived from cultures of lesion
samples. Simultaneously, mNGS identified Coxiella burnetii from one aseptic sample. In the remaining 26 aseptic samples, the
detection results of mNGS and culture were both sterile, with complete consistency between the two methods.

Among the 50 infected samples, 16 yielded positive culture results, while 42 exhibited positive findings through
mNGS (Figure 2). Among the 16 culture-positive cases, a total of 2 cases showed negative results by mNGS, with the

= MNGS only

Aseptic = Infected = Culture only
Partly matched

» Totally matched

28 (36%)
2 (5%)
50 (64%) 4 (9%)
Total=78 enrolled cases Total=50 Infected cases

Figure 2 Comparison of diagnostic efficacy between mNGS and culture in spinal infection patients.
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Table 2 Comparison of mMNGS and Conventional Culture in Spinal Infection

mNGS Culture P value
Sensitivity 84% (70.34% to 92.36%) 32% (19.92% to 46.83%) <0.001
Specificity | 96.43% (79.76% to 99.81%) 96.43% (79.76% to 99.81%) >0.999
PPV 97.67% (86.20% to 99.88%) 94.12% (69.24% to 99.69%) >0.05
NPV 77.14% (59.45% to 88.96%) 44.26% (31.76% to 57.49%) <0.05
Abbreviations: PPV, positive predictive value. NPV, negative predictive value.
Table 3 Comparison of mMNGS, T-Spot and Conventional Culture in Spinal TB
Sensitivity Specificity PPV NPV
mNGS 90.91% (57.12% to 99.52%) 100% (93.24% to 100%)" 100% (65.55% to 100%) | 98.53% (90.99% to 99.92%)
Culture 0 (0 to 32.14%) 100% (93.24% to 100%) NA 85.90% (75.74% to 92.41%)
T-spot 90.91% (57.12% to 99.52%)< | 85.07% (73.80% to 92.23%) | 50% (27.85% to 72.15%) | 98.28% (89.54% to 99.91%)

Notes: C, vs Culture P<0.05. T, vs T-spot P<0.05.
Abbreviations: mNGS, metagenomic next-generation sequencing; NA, not applicable; NPV, negative predictive value; PPV, positive predictive value; T-spot,
tuberculosis tests.

culture results indicating Staphylococcus epidermidis and Escherichia coli, respectively. In the remaining 14 culture-
positive cases, there were 2 cases where the culture results were completely discordant with the mNGS findings. The first
case yielded Staphylococcus epidermidis in culture, while mNGS detected only Aspergillus niger. In another case,
Klebsiella pneumoniae was cultured, whereas mNGS exclusively identified Pseudomonas aeruginosa. Among the 12
cases with concordant results between culture and mNGS, 8 cases showed complete agreement, while 4 cases exhibited
partial concordance. In the 4 cases with partially concordant results, culture only captured a single bacterium present in
the mNGS detection results.

Overall, in the diagnosis of spinal infections, mNGS demonstrated significantly higher sensitivity and NPV compared
to culture, while the specificity and PPV of the two methods did not exhibit significant differences (Table 2).

The Diagnostic Performance of mMNGS Compared to Culture in Spinal TB

In the present study, the most commonly pathogen was MTB. Therefore, we conducted further analysis focused on this
bacterium. Among the 11 spinal TB patients, both mNGS and T-spot detected 10 cases, while culture did not yield any
positive results. In the diagnosis of spinal TB, mNGS showed significantly higher sensitivity compared to culture, while
the specificity, PPV and NPV of the two methods did not exhibit significant differences (Table 3). In addition, despite the
similar sensitivity between T-spot and mNGS, the specificity of mNGS was significantly higher than that of T-spot
(Table 3).

Discussion
With the gradual popularization of mNGS technology and the reduction in its testing costs, it is increasingly being
applied to clinical diagnostics. Due to the diagnostic performance of mNGS in spinal infection is still under investigation,
the present study focuses on revealing its application value in the diagnosis of spinal infections. Firstly, among all
confirmed pathogens, mNGS detected over 71% of the pathogens, while culture only detected approximately 14%.
Secondly, among the 50 spinal infection patients, mNGS confirmed the presence of pathogens from 28 culture-negative
cases. Moreover, in 4 culture-positive cases, mNGS additionally confirmed the presence of other pathogens. Thirdly,
although the number of positive culture cases was limited, among the 16 cases with positive culture results, mNGS
showed concordance with the culture results in 14 cases. These advantages of mNGS in diagnosing spinal infections are
consistent with previous relevant research.'%!'%13

Laboratory indicators such as ESR, WBC, and CRP presents notable elevations in the spinal infection group. The
elevation of these indicators is helpful in raising suspicion of spinal infection, aligning with the guidance provided by the
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Infectious Diseases Society of America (IDSA) for infection diagnosis and treatment.'* However, the definitive diagnosis
and treatment of spinal infections rely on methods such as culture to confirm the specific pathogens. The low sensitivity
of culture and the difficulty in obtaining spinal infection lesion samples both contribute to the challenging nature of
diagnosis.'®'” In addition, patients with suspicion of infection often arrive at our hospital after having empirically used
antibiotics at county or lower-level hospitals, further reducing the success rate of culture. The low sensitivity of culture
observed in this study can be explained, and it is consistent with similar studies.'®'? Thus, clinicians should adhere to the
IDSA guideline (2015), reserving antibiotic use until pathogen identification except in cases of urgent antibiotic and
surgical treatment. However, as reported in other literature, mNGS maintains high sensitivity even in the presence of
antibiotic interference.’”?' Given the reality of antibiotic abuse and the challenges in obtaining spinal lesion samples, the
results of the present study support the use of mNGS as a significant complementary diagnostic approach to culture.

The present study identified MTB and Staphylococcus aureus as the most common pathogens, a result similar to
previously published research from China.'®'” In the present study, culture did not confirm any MTB, while mNGS
confirmed 10 out of 11 in spinal TB patients. The reason for such a low success rate in culture could be attributed to the
fact that our hospital laboratory concludes culturing after 7 days, while culturing for tuberculosis often requires more
than 10 days.*” Utilizing egg-based or BACTEC 460 TB system could potentially shorten the culture time to around 9
days.?? To obtain positive culture results, you could either utilize specialized culture media for MTB or extend the culture
duration appropriately. However, mNGS could provide test results within 48 hours of sample acquisition, enabling more
efficient early-stage diagnosis compared to culture. Additionally, T-spot exhibited better sensitivity and shorter detection
time in tuberculosis testing compared to culture, making it an important auxiliary diagnostic tool for MTB. According to
the Table 3, although T-spot and mNGS demonstrated similar sensitivity and comparable detection times in MTB testing,
mNGS held an advantage in terms of specificity. Therefore, the results of the present study supported focusing on both
diagnostic approaches when suspecting spinal TB.

For the clinical practice of spinal infection diagnosis and treatment, early diagnosis was of paramount importance.
Early identification of the causative pathogen could reduce patient suffering, minimize the occurrence of deformities, and
even lead to a complete cure with conservative treatment. Though the IDSA guideline (2015) had mentioned some
promising technology for spinal infection such as mNGS, there was still lack of clinical evidence to confirm its clinical
efficacy. The results of this study robustly confirmed the diagnostic efficacy of mNGS in spinal infections from three
aspects: time, accuracy, and comprehensiveness.

However, in this study, one case in the aseptic group showed positive culture results and another showed positive
mNGS results. Firstly, one case in the aseptic group cultured Staphylococcus epidermidis, and this patient was ultimately
diagnosed with malignant tumor. The positive culture result for this patient was obtained from blood culture upon
admission. The patient presented with symptoms of fever and a cold at the time of admission. However, considering the
specificity of Staphylococcus epidermidis (commonly associated with specimen contamination), this result may be
related to the patient’s cold and fever symptoms or could potentially be attributed to specimen contamination. The
other aseptic patient was determined by mNGS to have Coxiella burnetii, and this patient was also ultimately diagnosed
with a malignant tumor. Although the primary focus of the specimen in this patient was the tumor, there might have been
a low concentration of bacterial colonies present, which did not form a clear infectious lesion confirmed by pathology
and culture.

Throughout this study, there were instances of discrepancies between culture and mNGS results. We identified two
cases (Figure 2) where the culture yielded positive results while mNGS indicated negative findings, encompassing
various bacterial species (Figure 1). Upon scrutinizing our procedural workflow and relevant literature on mNGS, we
pinpointed several potential influencing factors: 1) The cost disparity between culture and mNGS, where culture
expenses are only 1/60th of mNGS. As a result, multiple samples were cultured, while mNGS utilized a single sample
from the lesion alone. The diversity among these different samples likely contributed to the reduced success rate of
mNGS. 2) Nucleic acid degradation in the submitted samples and potential interference from background bacteria might
have influenced the diagnostic outcomes of mNGS.**-*

The present study has certain strengths and limitations. Firstly, to our knowledge, recent studies regarding the application of
mNGS in spinal infection have been limited by small sample sizes.'®* Despite the relatively recent adoption of mNGS
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technology in clinical practice and the relatively low prevalence of spinal infection cases compared to other types of infections, the
present study managed to include a total of 78 cases, thereby addressing potential issues related to sample size insufficiency.
The second strength lies in the fact that the mNGS can be performed in-hospital, reducing transportation time, mitigating nucleic
acid degradation and minimizing contamination risks. This has resulted in less susceptibility of mNGS to external factors.
However, there are still certain limitations in the study that should be noted. Due to the lack of adequate hardware for
implementing mNGS in primary healthcare facilities, multi-center collaboration might yield varying research outcomes.
Additionally, because this study was retrospective, some patients with suspected spinal infections were not included in the
study because they did not complete mNGS for financial or other reasons, which may have resulted in some study bias.

Conclusion

Herein, this study demonstrates the advantages of mNGS technology in terms of accuracy and comprehensiveness in
diagnosing spinal infections. Beyond its advantages in bacterial detection, mNGS exhibits a distinct advantage in the
detection of fungi and viruses. Using mNGS as an additional diagnostic method in spinal infection diagnosis will be benefit
for patients. Besides, this study provides additional clinical evidence for the application of mNGS in clinical practice.
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