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Abstract

Background: Infectious diseases of the spine (IDS) cause structural destruction and abscess
formation, requiring precise early diagnosis. While conventional culture methods show limited
sensitivity and slow turnaround, metagenomic next-generation sequencing (mNGS) offers

a promising alternative with its broader pathogen spectrum, rapid turnaround time, high
detection rate, and sensitivity, showing significant advantages in the diagnosis of IDS.
Objectives: This systematic review aims to synthesize the current evidence on the advantages
and clinical utility of mNGS in diagnosing and managing IDS, focusing on pyogenic and
granulomatous spinal infections.

Design: The systematic review conducted in accordance with PRISMA guidelines.

Data sources and methods: A comprehensive literature search was performed across

nine electronic databases (including PubMed, Web of Science, and Embase] from 2010 to

April 2025. Studies reporting on mNGS for pathogen detection in patients with suspected

or confirmed spinal infections were included. The quality of included observational studies
was assessed using the STROBE checklist. Data on detection spectrum, rate, sensitivity,
turnaround time, and clinical impact were extracted and synthesized narratively due to high
heterogeneity.

Results: Twenty-nine studies (25 retrospective studies and 4 case reports) from China were
included. mMNGS demonstrated a significantly broader detection spectrum, identifying common
pathogens (e.qg., Staphylococcus aureus, Mycobacterium tuberculosis) as well as rare and
fastidious organisms that were missed by conventional methods. The pooled detection rate

of mNGS (36.8%-95.5%) was consistently and significantly higher than that of culture (5.9%-
59.2%). mNGS also showed superior sensitivity (39%-94.7%) compared to culture. The average
turnaround time for mNGS (29-53 h) was substantially faster than for culture (2-10days).
mNGS-guided therapy was associated with improved clinical outcomes, including significant
reductions in inflammatory markers.

Conclusion: mNGS represents a powerful diagnostic tool for IDS, offering broader detection
spectrum, higher detection rate, faster turnaround time, and greater sensitivity compared to
conventional methods. This enables more targeted antimicrobial therapy and improves clinical
management. Challenges including high costs and difficulty in distinguishing colonization from
infection remain. Future efforts should focus on technical optimization, workflow automation,
protocol standardization, and outcome validation in larger prospective studies.

Trial registration: CRD420251170912.
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Introduction

Infectious diseases of the spine (IDS) refer to
infectious disorders caused by pathogenic micro-
organisms that lead to structural destruction of
various spinal components (vertebral bodies,
intervertebral discs, spinal appendages, spinal
canal, and adjacent paravertebral tissues), abscess
formation, and localized or systemic manifesta-
tions of infection.!-?> These conditions are collec-
tively termed spinal infections, encompassing
spondylitis (vertebral osteomyelitis), pyogenic
spondylitis, sepsis, and epidural abscess.* The
clinical incidence of spinal infections in the gen-
eral population is approximately 2.4 cases per
100,000 individuals, while the incidence in the
elderly population (particularly those aged
70years and above) can reach 6.5 cases per
100,000 individuals.> The spine, as the central
axial skeleton of the human body, plays a critical
role in connecting the upper and lower limbs.
Spinal infections can cause pathological changes
in the vertebrae, their appendages, and surround-
ing tissues, potentially leading to abscess forma-
tion that compresses neural structures.® This may
result in neurological dysfunction, severe paraly-
sis, or even death. Failure to promptly identify the
causative pathogen and control disease progression
may significantly increase both disability and mor-
tality, while imposing substantial economic bur-
dens on patients.” However, spinal infection
patients often present with nonspecific clinical
symptoms and atypical imaging manifestations,
frequently leading to missed diagnoses, misdiag-
noses, or even inappropriate treatment.8°
Therefore, obtaining rapid and accurate patho-
gen detection results is crucial for the early diag-
nosis and treatment of IDS.

According to the type of pathogen and host
immune response, IDS can be classified into two
main categories: (1) pyogenic spinal infections,
caused by pyogenic bacteria, are pathologically
characterized by suppurative inflammation.!3
These include pyogenic spondylitis (discitis, ver-
tebral osteomyelitis, and infectious spondylitis),
paraspinal abscesses, and epidural abscesses.
Pathogens responsible for pyogenic spondylitis
include = Gram-positive  bacteria,  notably
Staphylococcus aureus (SA), and Gram-negative
bacteria such as Escherichia coli and enterococci,
among others. (2) Granulomatous spinal
infections, caused by specific pathogens, typically
present with granulomatous inflammation as
their pathological feature. These include spinal

tuberculosis (STB), brucellosis spondylitis (BS),
fungal spondylitis, and parasitic spondylitis. The
diagnosis of spinal infections is primarily based
on patient signs, clinical symptoms, laboratory
tests, and imaging studies. Although the conven-
tional microbial culture is the gold standard for
diagnosis, it has several limitations such as pro-
longed incubation time, difficulty in culturing
certain microorganisms, and suboptimal sensitiv-
ity and detection rates. These drawbacks not only
frequently lead to diagnostic delays and missed
diagnoses but also significantly compromise treat-
ment efficacy and prognosis of patients with IDS.

To overcome the limitations of traditional culture
methods, nucleic acid-based sequencing technol-
ogies have rapidly developed. As a representative
of first-generation DNA sequencing technology,
Sanger sequencing utilizes dideoxynucleotides to
randomly terminate DNA strand elongation dur-
ing synthesis, enabling sequence reading through
electrophoretic separation. Although this method
offers long read lengths and high accuracy, its low
throughput and high cost have limited its wide-
spread clinical application. To address these
issues, next-generation sequencing technologies
with higher throughput and faster speeds
emerged, gradually evolving into second and
third-generation sequencing. Among these,
metagenomic next-generation sequencing
(mNGS) has recently demonstrated great poten-
tial in pathogen detection for spinal infections.
mNGS is a high-throughput, unbiased sequenc-
ing technology that directly extracts all nucleic
acids from clinical samples (e.g., blood, lesioned
tissue, and pus), and rapidly and accurately iden-
tifies microorganisms in the samples by compar-
ing the sequenced results with pathogen databases.
The basic procedure of mNGS mainly consists of
experimental manipulation (wet experiment) and
bioinformatics analysis (dry experiment).!® The
wet experiment includes sample pretreatment,
nucleic acid extraction, library construction, and
online sequencing. The dry experiment includes
data quality control (assessing the quality of raw
sequencing data, filtering out low-quality
sequences, adapter sequences, and duplicate
reads to ensure the accuracy and reliability of
downstream analyses), human sequence removal
(aligning sequencing data to the human reference
genome to identify and remove host-derived
nucleic acid sequences, thereby enriching trace
pathogen sequences and reducing background
interference), microbial species comparison and
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identification (aligning and identifying high-qual-
ity non-human sequences after host removal
against a comprehensive microbial genome data-
base), and analysis of drug resistance genes and
virulence genes (aligning sequencing data with
known antimicrobial resistance (AMR) gene and
virulence factor databases to identify relevant
genes carried by pathogens). Depending on the
experimental requirements and conditions, dif-
ferent sequencing platforms (e.g., Illumina, Ion
Torrent, PacBio, BGI, Oxford Nanopore) and
technical approaches (e.g., 16S rRNA bacterial
metagenomics, viral metagenomics, fungal
metagenomics, hybridization-based targeted
NGS, and unbiased metagenomic NGS) are
available, as shown in Tables 1 and 2.

In addition, the technical requirements of mNGS
are very high: (1) avoidance of contamination and
standardization of samples during collection,
preservation, or transport; (2) difficulties in col-
lection and extraction: mNGS is difficult to col-
lect specimens from spinal infection sites, with
the risk of neurovascular injuries,?? and
Conventional cell lysis techniques remain chal-
lenging for DNA extraction from intracellular
bacteria with structurally specialized cell walls
(e.g., Mycobacteria)??; (3) Databases: bacteria,
viruses, fungi, parasites, and other pathogens;
and (4) Background bacteria need to be moni-
tored.In 2014, mNGS was first applied to the
clinic by Wilson et al., when it successfully diag-
nosed a case of intracranial leprospirosis infec-
tion.24 In 2017, Greninger et al.?> used mNGS to
detect positive for enterovirus/rhinovirus in 16
swabs via the FilmArray system. In 2019, Zhang
et al.2® confirmed the diagnosis of mNGS via
osteomyelitis caused by Cryprococcus neoformans.
In 2019, Wilson et al.?” used mNGS to identify
neurologic infections with clinical effect and
guide treatment. With continuous technological
advancements, mNGS has more and more appli-
cations in the field of medicine, including respira-
tory infections, bloodstream infections (BSI),
central nervous system infections, osteoarticular
infections, gastrointestinal or abdominal infec-
tions, skin and soft tissue infections, and urinary
tract infections.

Given the urgent demands for the advancement
of clinical technologies and the treatment in
the spinal infection, this review examines the cur-
rent research landscape of mNGS in IDS (focus-
ing on pyogenic spondylitis and granulomatous

spinal infections) and summarizes the existing
clinical evidence to provide a basis for in-depth
research (an overview of mNGS is provided in
Figure 1).

Method

This review adheres to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMAZ?8) guidelines. It aims to systematically
retrieve, screen, and evaluate the existing litera-
ture on “Research Progress of Metagenomic
Next-Generation Sequencing in Infectious
Diseases of the Spine: A Systematic Review.”
The complete PRISMA checklist is provided in
Supplemental File 1. For the narrative synthesis,
items pertaining to meta-analysis were marked as
“not applicable” (N/A).

Literature search strategy

A systematic literature search was conducted
across the following electronic databases:
PubMed, Web of Science, Scopus, Science
Direct, Embase, Google Scholar, China National
Knowledge Infrastructure (CNKI), Wanfang
Database, and Chinese Medical Journal Network
(CM]N). The final search date for PubMed and
Web of Science was April 20, 2025, while for
Scopus, Science Direct, Embase, Google
Scholar, CNKI, Wanfang, and CM]JN, it was
April 21, 2025. The search period is from 2010
to April 19, 2025. The search strategy involved
combining medical subject headings (MeSH)
terms and keywords such as “Spine (MeSH),”
“Infections (MeSH),” “Spinal Diseases
(MeSH),” “Osteomyelitis (MeSH),” “Spinal
Cord Diseases (MeSH),” “Tuberculosis, Spinal
(MeSH),” “Spondylitis (MeSH),” “High-
Throughput Nucleotide Sequencing (MeSH),”
“Metagenomics (MeSH),” “Sequence Analysis,

DNA (MeSH),” “Genomics (MeSH),”
“Molecular Diagnostic Techniques (MeSH),”
“Diagnosis (MeSH),” “Spinal Infection,”

“Pyogenic Spondylitis,” “Granulomatous Spinal
Infections,” “Vertebral osteomyelitis,” “mNGS”
or “Metagenomic next-generation sequencing,”
and “Detection” using Boolean operators.
Adjustments to the search terms were made
based on the requirements of each database.
This systematic review was retrospectively regis-
tered with PROSOERO (CRD420251170912)
to ensure protocol transparency, with no changes
made to the pre-specified methods.
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Table 1. Different sequencing platforms (Illumina, lon Torrent, PacBio, BGI, Oxford Nanopore).
Sequencing Applications Sample type Strengths Limitations Ref.
platform
Second-generation sequencing
[llumina Whole genome DNA (genomic, High Slow; phasing M
sequencing; whole long fragments, sequencing difficulties
exome sequencing; target-enriched, depth; high
targeted sequencing; exome-captured, accuracy
transcriptome immunoprecipitated);
sequencing; epigenome RNA (total RNA, small
sequencing; exome RNA)
sequencing; Small RNA
sequencing; ChIP-Seq
lon Torrent Transcriptome profiling; DNA (genomic, amplicons, Long read Difficulty 11,12
splice site identification target-enriched, ChIP- length; sequencing
enriched); RNA (total fast; low through
RNA] substitution homopolymer
error rate regions
BGI 3 M project; human DNA (genomic, High Short read 13, 14
genome re-sequencing; metagenomic, ancient); throughput; length;
palaeogenomic ancient RNA (small RNA, low cost; high resequencing
DNA sequencing; transcriptome) sequencing only in
detection of small depth applications
noncoding RNAs
Third-generation sequencing
PacBio Full length transcript DNA (amplicons, long Long read High cost; 11,15
sequencing; targeted/ fragments, metagenomic);  length; fast high error
amplicon sequencing; RNA (full-length cDNA rate; large
metagenomics isoforms); tissue; instrument
sequencing thallus; interstitial fluid; footprint
environmental samples;
water filter membrane
Oxford DNA sequencing; DNA (amplicons, Fast; small High errorrate 11,15
Nanopore amplicons sequencing; target-enriched, native, instrument
cDNA sequencing; direct crosslinked chromatin footprint;
RNA sequencing samples); RNA (direct portability;
RNA, cDNA) real-time data
analysis

“Genome Coverage” (or “Breadth of Coverage”) refers to the proportion of the reference genome covered by at least one sequencing read.
“Sequencing Depth” (or “Depth of Coverage”) refers to the average number of times a given base in the genome is sequenced.
NGS, next-generation sequencing.

Literature inclusion and exclusion criteria

Inclusion  criteria. Literature inclusion
defined according to the PICOS framework:

was

(P) Population: Patients with clinically suspected
or confirmed spinal infections, regardless of age,
gender, or spinal infection type. Infection types
include pyogenic spinal infections (pyogenic
spondylitis (discitis, vertebral osteomyelitis, and

infectious spondylitis), paravertebral abscesses,
and epidural abscesses) and granulomatous spi-
nal infections (spinal tuberculosis/STB, brucello-
sis spondylitis/BS, fungal spondylitis, and parasitic
spondylitis).

(I) Intervention: Pathogen detection using mNGS
on clinical samples (e.g., blood, lesioned tissue,
or pus).
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Table 2. Different technical approaches (165 rRNA bacterial metagenomics, viral metagenomics, fungal metagenomics,
hybridization-based targeted NGS, and unbiased metagenomic NGS).

Technical Applications Strengths Limitations Ref.
approaches
Targeted 16S sequencing (bacteria and High throughput; low cost; Limited genome 15
(amplicon-based) archaeal; 18S Sequencing fast; high accuracy; high coverage; limited
metagenomics (eukaryote); ITS sequencing efficiency; high sensitivity resolution; high bias

(fungi); probe-based capture
Shotgun Microbial diversity profiling High throughput; fast; Contamination; high 15-17
metagenomics (virus, bacteria, fungi, and wide genome coverage; cost; high host DNA

parasite); functional gene and primer-free detection; high burden; low sequencing

pathway discovery; novel microbe  resolution; no culturing depth; database

and pathogen identification; needed limitations

antibiotic resistance surveillance
Hybridization- Genotyping; exome sequencing; Low cost; high efficiency; Limited genome 18-21

gene discovery; rare variant;
indel; copy number variation

based targeted
NGS

the multiplexing capacity of
hybridization capture

coverage; probe design
bias

NGS, next-generation sequencing.

The overview of mMNGS

Development
2005 2008 2014 2016 2018 2021
Thebirth Research on NGS Startclinical  The first Chinese expert  Authorize the first WHO includes mNGS
of NGS  detection of clinical infection consensus on mNGS mNGS testing product. in the guidelines.
samples published  diagnosis for infection diagnosis
Basic procedures
-

Wet Lab Dry Lab

Sample

collection library construction = Analysis

DNA  (End Repair, Adapter ¢ (Quality control, Removal
Ligation, PCR) of host sequences) AN

3 DNA extraction
' > MYPDIN
[T] DIDIN
i ¥ RNA extraction RNA _——" CDNA
" N

A /N Reverse transcription and
£ second strand synthesis

Sequencing

L

Technical requirements

1. Avoidance of contamination and standardization
2. Extraction

3. Databases

4. Background bacteria need to be monitored

Underlying principles

1. Sequencing of all DNA/RNA
2. Comparison of databases

Figure 1. The overview of mMNGS, including development, underlying principles, basic procedures, and

technical requirements.
Source: Created with BioRender.com.
mNGS, metagenomic next-generation sequencing.

journals.sagepub.com/home/tai


https://journals.sagepub.com/home/tai

THERAPEUTIC ADVANCES in

Infectious Disease

Volume 13

(C) Comparator: The diagnostic performance of
mNGS was compared against that of traditional
microbiological methods (e.g., culture, targeted
PCR, serology) and/or a comprehensive clinical
diagnostic standard (based on clinical presenta-
tion, imaging, histopathology, etc.).

(O) Outcomes: The primary outcomes included
the pathogen detection spectrum, detection rate,
turnaround time, and sensitivity of mNGS.
Secondary outcomes encompassed technical pro-
cedures, limitations, and clinical implication.

(S) Study Design: case reports, and retrospective
studies.

Exclusion criteria. The exclusion criteria were as
follows:

Relevance: Studies not pertinent to the research
progress of mNGS in IDS.

Impact factor: Articles published in journals with
an Impact Factor of less than 1.

Publication date: Publications outside the search
period from January 1, 2010, to April 19, 2025.

Language: Articles published in languages other
than Chinese or English.

Study type and quality: Non-original research
publications such as commentaries, conference
abstracts, and editorials; studies with unsatisfac-
tory methodological quality; and articles for which
the full text was inaccessible. Higher-impact liter-
ature was prioritized where possible.

Population: Animal studies.

Literature screening process

All records retrieved from the databases were
screened by two independent reviewers. The ini-
tial screening utilized electronic database filters to
exclude publications with an impact factor below
1 and those published outside the date range from
2010 to April 19, 2025. Subsequently, titles, key-
words, and abstracts were reviewed to exclude
clearly irrelevant records. With the exception of
14 articles for which the full text could not be
retrieved, the remaining publications were down-
loaded for full-text assessment. Studies that were
irrelevant due to study type, population, or low
quality were excluded to finalize the literature

inclusion. Any discrepancies during the screening
process were resolved through discussion between
the reviewers or by consulting a third reviewer.
The detailed literature selection process is illus-
trated in the PRISMA flow diagram (Figure 2).

Quality assessment of included studies

The reporting quality of the final included
observational studies was assessed for adher-
ence to the STROBE guideline. Two reviewers
independently evaluated each included study
using the official STROBE checklist, which
comprises 22 items. Compliance with each item
was rated as: “adequately reported” (1 point),
“partially reported” (0.5 points), “not reported”
(0 points), or “not applicable.” Any discrepan-
cies arising during the assessment were resolved
through discussion between the two reviewers
or by consultation with a third reviewer. The
summarized assessment results are presented in
Supplemental File 2 (Quality Assessment of
Included Studies).

Data synthesis and analysis methods
Supplemental File 3 (Data Summary Table of
Included Literature) summarizes the fundamen-
tal characteristics of the 29 included studies.
Data extraction was conducted independently by
two reviewers using a pre-designed data extrac-
tion form, with any discrepancies resolved
through discussion or consultation with a third
reviewer. It is important to note that our data
extraction relied exclusively on information avail-
able in the published articles and their
Supplemental Materials. We did not contact the
authors of the primary studies to obtain missing
or unreported data, as the necessary information
for our analysis was publicly accessible. The
extracted data included the following (in cases
where data were missing or ambiguously reported
in a study, this was denoted as “N/A” or clarified
based on information from its main text, tables,
or figures):

(1) Basic study information: title, first author,
year of publication, country, impact fac-
tor, and study design.

Characteristics of the study population:
sample size and type of spinal infection.
Research methods and interventions:
gold standard, and mNGS technology
platform.

()
3)
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[ Identification of studies via databases and registers ]
)
Records identified from:
PubMed (n = 328)
5 éVeb of ?cie?gt;)(n =215) Records removed before
copus (n = screening:
E Embase (n = 276) Duplicate records removed (n
= Science Direct (n = 142) = 386)
s Google Scholar (n = 89)
=2 CNKI (n = 176)
Wanfang Database (n= 153)
CMJN (n = 68)
N/
L Records excluded (n = 916):
— Irrelevant thematic focus (n =
695)
Journal impact factor below
Records screened > threshold (n = 112)
(n=1248) Published outside the data
range (n =79)
i Language not suitable (n =
30)
o
=
= .
§ Regorts sought for retrieval | Reports not retrieved
o (n=332) -
(7} (n=14)
Reports excluded (n = 289):
Reports assessed for eligibility Inappropriate research types
(n=318) > (n=127)
Inappropriate target
i population (n = 56)
Unsatisfactory study quality
(n =106)
g Studies included in review
3 (n=29)
=
~—

Figure 2. PRISMA flowchart.

PRISMA, preferred reporting items for systematic review and meta-analysis.

(4) Outcome measures: The primary out-
comes were the pathogen spectrum,
detection rate, turnaround time, and sen-
sitivity of mNGS. Additionally, data on
targeted NGS for identifying AMR genes
were extracted.

Data summary: All included studies were con-
ducted in China, comprising 25 retrospective
studies and 4 case reports. The journals’ impact
factors ranged from 1.188 to 11.9, with publica-
tion dates spanning from 2020 to 2025. The
sample sizes varied widely, from 1 to 380 cases.
The types of spinal infections covered were com-
prehensive, though pyogenic spondylitis and
granulomatous spinal infections were predomi-
nant. The primary mNGS platforms utilized
were Illumina, BGISEQ-50, and MGISEQ-2000.

Most studies used histopathological findings or
culture results as the diagnostic reference standard
and compared the diagnostic outcomes and effi-
cacy of mNGS against traditional microbiological
methods. According to the STROBE checklist
assessment, the reporting quality scores of the
included studies ranged from 52.27% to 96.15%.

Due to significant clinical and methodological
heterogeneity among the included studies
(e.g., differences in patient populations, mNGS
platforms, and reference standards), a narrative
synthesis was adopted. The outcomes were
grouped thematically according to the objectives
of the review (e.g., advantages of mNGS, applica-
tions in specific infections). Within each theme,
results were presented in structured tables (Tables
3-6) and summarized narratively.
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Table 3. A summary table by Shi et al.,?? Zhang et al.,’® and Huang et al.,3" including study design, CMT methods, main pathogens,
diagnostic yield (CMT and mNGS), and specimen type.

Author (s)and  Study design CMT methods Main pathogens Diagnostic yield
Ref. (CMT and mNGS)

Specimen type

Shi et al.2? Microbial culture
(27.16%)

mNGS (77.78%)

Retrospective Microbial culture

study

S. aureus, Mycobacterium
tuberculosis,
Streptococcus spp.,
anaerobes, E. coli, S.
epidermidis, Brucella
melitensis, B. melitensis

Site-specific
samples
(tissue)

Zhang et al.%0 Microbial culture

(27.7%)

Retrospective
study

S. aureus, M.
tuberculosis, E. coli,

Site-specific
samples (tissue

Microbial culture +
histopathological

analysis Streptococcus spp. Histopathological and pus)
analysis (41%)
mNGS (45%)
Huang et al.3 Retrospective Microbial culture M. tuberculosis, S. Microbial culture Site-specific
study aureus, S. epidermidis, (59.6%) samples
Brucella, E. coli mNGS (80.9%) (tissue)

mNGS, metagenomic next-generation sequencing.

Table 4. A summary table by Qi et al.,%2 Li et al.,% and Liu et al.,* including detection targets, gold-standard diagnostic methods,
specimen type, detected pathogens, mNGS detection rates, and when available, kappa agreement statistics between mNGS and
conventional detection methods.

Author (s) Detection Gold Specimen Detected pathogens mNGS The kappa
and Ref. target standard type detection agreement
rate
Qi et al.3? 17 surgical Conventional ~mNGS: S. aureus, Streptococcus, E. 82.4% N/A
specimens cultures site-specific coli, Brucella melitensis, and
samples (pus various Bacillus species etc.
and tissue)
Culture:
blood and
site-specific
samples (pus)
Lietal.3 301 patients Microbial Blood and S. aureus, Streptococcus, E. 77.9% 0.12 (<0.40)
culture site-specific coli, S. epidermidis, Klebsiella
samples (pus pneumoniae, M. minuta,
and tissue) Pseudomonas aeruginosa,
Corynebacterium, Prevotella,
B. fragilis, C. burnetii, C.
acnes, and C. perfringens,
etc.
Liu et al.3 54 samples Isolating Site-specific Staphylococcus aureus, 90.7% N/A
culture samples (pus Escherichia coli,

and tissue
lavage fluid)

Streptococcus, Salmonella
typhi, and Prevotella
intermedia, etc.

mNGS, metagenomic next-generation sequencing.
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Table 5. A summary table by Jin et al.,22 Guo et al.,%% Jin et al.,3 Ye et al.,%” and Li et al.,*® including detection targets, gold-standard
diagnostic methods, specimen type, mNGS detection rates, and when available, kappa agreement statistics between mNGS and

conventional detection methods.

Author (s) and Detection Gold standard Specimen type mNGS The kappa
Ref. target detection rate agreement
Jinetal.® 24 patients Clinical diagnosis Site-specific samples (tissue)  62.5% N/A
Guo et al.3® 112 patients Clinical diagnosis Blood and site-specific 80.4% 0.700

(pathological results) samples (tissue and pus)
Jin et al.3 203 patients Culture, CRS Site-specific samples (tissue]  71.2% N/A
Ye et al.37 (case 1 patient Mycobacterium Site-specific samples (tissue ~ N/A N/A
report) tuberculosis culture and bronchoalveolar lavage

fluid)

Lietal.s® 100 samples Culture, CRS Blood and site-specific 81% N/A

samples (pus and tissue)

mNGS, metagenomic next-generation sequencing.

Advantages of mNGS in the diagnosis of
spinal infections

Detection spectrum

Bacteria. Conventional bacterial culture methods
are often limited by factors such as poor cultiva-
bility and stringent growth requirements. In con-
trast, mNGS directly detects nucleic acid
sequences, bypassing the need for microbial culti-
vation. As a result, mNGS offers a broader patho-
gen detection spectrum, demonstrating significant
advantages in diagnosing spinal infections.

In pyogenic spinal infections, common Gram-
positive pathogens include S. aureus (very com-
mon) and Swreptococcus spp. (common).*?
Common Gram-negative pathogens include E.
coli (common), while anaerobes are found occa-
sionally. Shi et al.2® detected a total of 44 patho-
gens, primarily S. aureus, E. coli, and S. epidermidis,
by microbial culture in 162 patients with spinal
infections; and one or more of these pathogens,
by mNGS, in 86 patients with SI and negative
culture results. These included 30 cases of S.
aureus (22.22%), 12 cases of Streprococcus spp.
(8.89%), 11 cases of anaerobes (8.15%), and 10
cases of E. coli (7.41%). Zhang et al.?0 detected
31 positive cases by culture, including S. aureus
(8 cases, 26%) and Streprococcus spp.; 51 positive
cases by mNGS, identifying 16 cases of S. aureus
(31%), 4 cases of E. coli (8%), and several cases of
Streprococcus spp. etc.; 27 cases of pyogenic infec-
tion were detected by histopathology. In the study

by Huang et al.,3! 13 cases of S. epidermidis, 11
cases of S. aureus, and 7 cases of E. coli were iso-
lated by culture; 15 cases of S. aureus and 7 cases
of E. coli were detected by mNGS; and 18 poten-
tially pathogenic species, such as Mycoplasma
genitalium and Gardnerella vaginalis, were success-
fully detected by mNGS alone from culture-neg-
ative samples. In addition, some rare pathogens
were detected by mNGS, such as Neisseria
elongata,° Klebsiella variicola,*3 Acinetobacter bau-
mannii, Peptostreptococcus stomatis, Klebsiella pneu-
moniae and Prevotella intermedia, Pseudomonas
fluorescens,** Corynebacterium spp., Kocuria polaris,
Acidovorax temperans, and Moraxella osloensis,
Bacteroides fragilis,>®> and Treponema denticola.

In granulomatous spinal infections, M. tuberculo-
sis is a very common pathogen, while Brucella spp.
is a common pathogen. Zhang et al.3? found that
culture tests identified 11 pathogens, with M.
tuberculosis being the most prevalent (13 cases,
42%); mNGS detected 20 pathogens, with M.
tuberculosts being present in 25 cases (49%); and
histopathology identified 18 cases of tuberculous
infection. In the research by Huang et al.,3! the
most frequently isolated microorganisms in cul-
ture-based methods were M. tuberculosis (n=21),
followed by Brucella (n=7), among others; the
most common microorganisms detected by
mNGS-based assays were M. tuberculosis complex
(MBTC) (39 cases), followed by Brucella
(9 cases), and even Behcet’s Kerchus bodies were
detected. In addition, there are some studies that
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Table 6. A summary table by Du et al.,%" Yin et al.,“0 and Lv et al.,*" including detection targets, gold-standard
diagnostic methods, specimen type, mNGS detection rates, and when available, kappa agreement statistics

between mNGS and conventional detection methods.

Author (s)  Detection Gold Specimen type mNGS The kappa
and Ref. target standard detection rate agreement
Du et al.3? 1 patient Isolation of mNGS: Site-specific N/A N/A
(case Brucella spp.  samples (tissue)
report) Culture: Blood and
site-specific samples
(pus and tissue)
Yin et al.40 95 patients Bacterial Blood and site- 88.42% N/A
culture specific samples (pus
and tissue)
Lv et al.4! 76 patients Clinical Site-specific samples 77.6% N/A
diagnosis (pus and tissue)

mNGS, metagenomic next-generation sequencing.

have detected by mNGS in spinal infections the
rare Caustic-dependent bacilli, Fusobacterium fortui-
tum, Mycobacterium foetidum coagulans,>>M. iran-
ense,¥> Chryseobacterium spp.,** Nocardia spp.,2>
M. xenopi,*¢ K. aerogenes*’” (a summary of the
main studies is presented in Table 3).

These studies suggest that mNGS can detect the
most common and some rare bacterial pathogens,
whether in pyogenic spondylitis or granuloma-
tous spinal infections. Although mNGS has a
broad spectrum of bacterial pathogens in spinal
infections, it is crucial to determine their patho-
genicity in clinical diagnosis, that is, to differenti-
ate between true pathogens and contaminants or
colonizers, especially when rare or low-biomass
microorganisms are detected, such as Bordetella
bonnensis?® (considering the possibility of Q fever)
and Veillonella arypica** (possibly environmental
contamination), need to be diagnosed by combin-
ing traditional culture, histopathology.

Virus. Viruses are one of the common pathogens
of spinal infections.* Traditional viral detection
methods, such as serological testing and PCR, are
simple to operate and inexpensive, but can only
identify known viruses. Viruses are highly geneti-
cally variable and prone to mutations, which con-
tinuously generate new variants during replication.
Uncommon viruses and novel variants can only
be detected using mNGS. By mNGS, human
herpesviruses are among the most frequently
(very common) detected viruses. Wang et al.48
applied mNGS in 60 cases of clinically acute

spinal infections with negative culture and/or
smear (CMT) results, identifying 46 pathogen-
positive cases, including 8 viral infections. Zhang
et al.¥® detected human beta-herpesvirus 5, human
herpesvirus 1, and human gamma-herpesvirus 4 in
17 cases of IDS using mNGS (requires joint clini-
cal information for diagnosis). Wan et al.4> ana-
lyzed samples from IDS patients with sepsis and
identified eight different viruses, including human
parvovirus B19, human herpesvirus 5, and torque
teno virus. Similarly, Wang et al.** reported the
presence of human gamma-herpesvirus 4, human
beta-herpesvirus 6A, and torque teno wvirus in 41
diagnosed spinal infection cases via mNGS. These
studies demonstrate that while the unique repli-
cation and survival mechanisms of viruses
increase the difficulty of detection and diagnosis,
mNGS overcomes these limitations, showing sig-
nificant advantages. However, none of these stud-
ies has clarified whether their viral detection
results were supported by histopathological evi-
dence, such as the observation of typical cyto-
pathic effects. Therefore, in clinical practice, the
diagnosis of the virus requires a combination of
virus detection in the tissues and histopathology
evaluation, especially if the site of infection is
unusual for the detected pathogen in the given
host (e.g., high levels of Human herpesvirus in
immunocompromised individuals or the potential
symbiont Torque teno virus).

Fungi. In clinical practice, fungal spinal infec-
tions are relatively uncommon accounting for
only 0.5%—1.6% of cases.’° The clinical signs and
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symptoms of fungal infections are not distinctly
different from other types of spinal infections, as
well as the imaging findings lack specificity, which
make diagnosis more challenging.>! Furthermore,
conventional fungal cultures suffer from low sen-
sitivity and prolonged turnaround times, signifi-
cantly hindering diagnostic accuracy and
timeliness. Many studies have found that mNGS
can accurately and rapidly identify pathogens and
has an advantage over traditional methods in
diagnosing fungal infections of the spine, which
significantly reduce misdiagnosis and missed
diagnosis rates. Via mNGS, the most frequently
detected fungi are Aspergillus (common), followed
by Candida (occasional). By mNGS, Gou et al.?>
detected eight cases of fungi, primarily A. flavus,
A. fumigatus, and A. sydowii. Wan et al.%> identified
51 fungal species in cervical spine injury-associ-
ated sepsis, including S. lycopersici, Nakaseomyces
delphensis, A. niger, Candida hubeiensis, and Tricho-
phyton mentagrophytes. Liu et al. diagnosed A.
fumigatus infection in a retrospective analysis of
47 suspected cases. Li et al.?2 identified five Asper-
gillus and two Candida infections among 380 IDS
patients. Wang et al.** reported Stachybotrys char-
tarum in 41 spinal infection cases. Similarly,
mNGS detected some rare fungi such as Fusar-
tum solani,*© Aspergillus fumigatus, and Talaromyces
marneffei.?® The above studies confirm that
mNGS also demonstrates higher diagnostic yield
for fungal pathogens, compared to conventional
methods. Similarly, fungal sensations need to be
co-diagnosed with the Key criterion being histo-
pathology. As Malassezia restricta (skin commen-
sal) and Stachyborrys chartarum (environmental
mold) may reflect contamination.

Parasite. It is noteworthy that among the litera-
ture included in this review, no cases of parasitic
spinal infections diagnosed by mNGS were identi-
fied. This finding underscores the extreme rarity of
parasites as etiological agents of spinal infections.
Several factors may contribute to this phenome-
non: (1) parasitic infections exhibit distinct geo-
graphical predilections, being more prevalent in
regions with developing economies, poor sanitary
conditions, or well-developed livestock industries.
(2) These infections often disseminate to the spine
via hematogenous or intracranial routes.>2-53 Their
clinical presentations and imaging features can
mimic those of tuberculous spondylitis or neoplas-
tic lesions, potentially leading to diagnostic chal-
lenges or misclassification. Consequently, parasites
are not typically considered a primary differential

diagnosis for spinal infections in non-endemic
areas during routine clinical practice. Neverthe-
less, clinicians should maintain a high index of sus-
picion for atypical cases originating from endemic
regions or with relevant exposure history.

Detection rate

In recent years, with the continuous improvement
and development of mNGS technology, its diag-
nostic value in spinal infections has gained
increasing recognition. Numerous studies have
successively used mNGS to diagnose spinal infec-
tion. Some of these studies compared traditional
diagnostic methods with mNGS and found that
mNGS had a high detection rate. The detection
rate was defined as the percentage of samples with =1
pathogenic microbe identified by mNGS or other
diagnostic methods. Zhang et al.3° counted a detec-
tion rate of 27.7% by culture in 112 patients, and
41% and 45% by histology and mNGS, respec-
tively, in 111 patients. Li et al.?3 reported that the
detection rate of mNGS (77.9%) was significantly
higher than that of microbial culture (27.2%).
Zhang et al.* found mNGS exhibited higher
detection rates (86.32%) for spinal infections
than culture, procalcitonin/PCT (30.33%), white
blood cell count/WBC (17.39%), and interferon-
gamma  release  assays/IGRAs  (38.57%).
Additionally, Li et al.??2 demonstrated in 44 cases
of spinal Brucella infection, the positive rate of
mNGS was 95.5%, which was higher than that of
agglutination test (81.8%) and culture (20.5%);
in 20 cases of tuberculosis, the positive rate of
mNGS (85.0%) was also higher than that of cul-
ture (3/17), PCR test (12/17), M. tuberculosis
nucleic acid test (6/19) and pathology tests (7/19).

The high detection rate of mNGS is due to its
unique technological principle: (1) Unbiased
amplification: unlike culture or PCR, mNGS
detects all microbial nucleic acids without prior
targeting, enabling identification of fastidious/
unculturable pathogens (e.g., Brucella, anaerobes
like Prevotella) and polymicrobial infections (e.g.,
co-detection of S. aureus and E. coli in pyogenic
abscesses); (2) Enhanced sensitivity: It is because
mNGS has a high detection rate that it is capable
of comprehensive pathogen identification, com-
plementation of pathogens that are undetected by
traditional methods and differentiation between
TB and NTM infections, thus providing patients
with more accurate clinical diagnosis and more
effective treatment, including early targeted
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therapy and management of antibiotic use.
However, it is important to note that the high
detection rate of mNGS may include the detec-
tion of non-pathogenic microorganisms. Because
mNGS can detect all microbial nucleic acids in
samples but cannot differentiate between true
pathogens and colonizing microorganisms, envi-
ronmental contaminants, and commensal flora.

The high detection rates of mNGS for spinal infec-
tions also depend on optimized library prepara-
tion, which differs significantly between
DNA-based organisms (e.g., bacteria, fungi,
mycobacteria) and RNA viruses (e.g., enterovi-
ruses, HIV in rare spinal infections).5%55 In the
DNA Pathogen Workflow, the first step involves
breaking the cell wall through mechanical/enzy-
matic lysis to extract microbial DNA. Next, human
DNA is removed to enhance detection signals.
Finally, library preparation is performed through
fragmentation, adapter ligation, and PCR amplifi-
cation. In contrast, the RNA Virus Workflow
requires RNase-free conditions to prevent degra-
dation and DNase treatment to remove contami-
nating DNA during RNA extraction. The RNA is
then converted into cDNA via reverse transcrip-
tion and double-stranded DNA synthesis. Finally,
the library is prepared through fragmentation,
adapter ligation, and PCR amplification.

Turnaround time

The mNGS process consists of four key steps: (1)
sample collection and nucleic acid extraction; (2)
DNA Library preparation and quality control:
construction of metagenomic libraries, quantita-
tively detection and sequencing preparation; (3)
mNGS Sequencing: high-throughput sequencing
of DNA on sequencing platforms; (4) data pro-
cessing and analysis: removal of low-quality reads
and human host sequences, with remaining
sequences aligned against pathogenic microorgan-
ism databases for pathogen identification.®>® In
contrast, conventional culture methods involve
sample collection, prolonged incubation, and sub-
sequent pathogen diagnosis. Compared to tradi-
tional culture methods, the mNGS method
eliminates the need for culture, saving a lot of time.
Comparative studies demonstrate: Wang et al.%3
first extracted DNA from 400 uL of blood using
the MagEN Biotech Microbial DNA Extraction
Kit (D6318). They then constructed a ~350bp
genomic library using the Illumina Nextera XT
Library Prep Kit. Sequencing was performed on

the Illumina NextSeq 550Dx platform (SE75
strategy). Finally, after removing reads containing
sequencing adapters, reads with >10% N bases,
reads with >50% low-quality bases (Q-value < 10),
and human host sequences, the remaining data
were analyzed. The entire mNGS process took
2.16 = 0.69days, which was substantially shorter
than bacterial culture (4.74 = 1.71 days) and histo-
pathology (3.04 = 1.06days). In the study by Li
et al.,” DNA was first extracted from 300 uL of
infected tissue using the TIANamp Micro DNA
Kit (DP316, TIANGEN BIOTECH, Beijing,
China). The extracted DNA underwent blunt-end
repair, barcode adapter ligation, and unbiased
amplification via PCR using BGI reagents (BGI,
Tianjin, China) to construct a 100-150bp genomic
library. Sequencing was performed on the
MGISEQ-2000 platform (MGI, Shenzhen,
China). For data analysis, low-quality and short
reads (length<35bp) were filtered out, and
human host sequences were removed using the
Burrows—Wheeler Alignment tool (version 0.7.10-
r789; Cambridge, MA, USA) by mapping to the
human reference genome (hgl9). The study dem-
onstrated that mNGS could provide results in
<2days, significantly faster than standard cultures
(2-10days). In acute spinal infections, Wang
et al.*® employed a methodology similar to the
aforementioned study, utilizing the BGISEQ-50/
MGISEQ-2000 platform for mNGS detection.
The results demonstrated that mNGS achieved
pathogen identification within 29-53h, signifi-
cantly faster than conventional cultures
(90.88 = 8.33h; p<<0.05). These data show that
mNGS has a higher detection speed than tradi-
tional methods, which is conducive to early diag-
nosis and treatment planning as well as improving
prognosis, reducing the complication rate, and
slowing down the deterioration of the disease.

Detection sensitivity

A study by Zhou et al.’” demonstrated that con-
ventional microbial culture exhibits low sensitiv-
ity, failing to meet clinical diagnostic requirements
for spinal infections. Furthermore, multiple stud-
ies have confirmed that mNGS demonstrates rel-
atively higher sensitivity compared to traditional
microbial culture methods. Key findings include:
Zhang et al.5% reported mNGS sensitivity (82.1%)
was higher than tissue culture (17.9%) (x2=0.02,
$<0.001). Shi et al.?° documented 77.78% sen-
sitivity for mNGS versus 27.16% for traditional
culture. Cheng et al.’3 demonstrated that in
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spinal infections, mNGS exhibited significantly
higher sensitivity (approximately 84%) compared
to conventional culture methods (32%)
(p<<0.001). For spinal tuberculosis specifically,
mNGS showed equivalent diagnostic sensitivity
to T-SPOT (both 90.91%), while conventional
culture methods demonstrated near-zero sensitiv-
ity. Additionally, there are several studies that
provide more sophisticated statistics on the sensi-
tivity, for instance. Wang et al.’! demonstrated
mNGS maintained higher sensitivity in both TB
(72.7%) and non-TB groups (80.0%), compared
to bacterial culture (36.4% and 11.1%, respec-
tively). Lin et al.,? in a retrospective analysis of
clinical data from patients with suspected SI
treated at their hospital between January 2010
and December 2011, reported that mNGS could
detect 88.9% (8/9) of pathogens identified by
conventional culture, with a genus-level sensitiv-
ity of 100% (8/8) and a species-level sensitivity of
87.5% (7/8). Moreover, the sensitivity of mNGS
in detecting pathogens was 87.1%, which signifi-
cantly exceeded that of conventional culture
(25.8%). While mNGS can accurately identify
pathogenic microorganisms and offers notable
advantages over traditional culture-based meth-
ods in infection diagnosis, its sensitivity for low-
biomass pathogens (e.g., early-stage or localized
infections) may still lag targeted PCR assays. For
instance, Xpert MTB/RIF has demonstrated
higher sensitivity in diagnosing spinal tuberculo-
sis.90 Therefore, while mNGS is a powerful tool,
positive histopathological or culture results
remain the diagnostic gold standard for spinal
infections in clinical practice.

Application of mNGS in diagnosing various
types of spinal infections

Pyogenic spondylitis

Pyogenic spondylitis refers to spinal infection
caused by pyogenic bacteria, which usually mani-
fests as vertebral osteomyelitis and discitis. The
annual incidence ranges from 0.4 to 2.0 cases per
100,000 population, with its occurrence being
associated with chronic debilitating conditions,
age, and gender (males are affected 1.5-3 times
more frequently than females.®1-63 While mortal-
ity rate remains low, untreated pyogenic spondy-
litis may form abscesses at the primary lesion.
The abscess may not only compress the nerves,
which can cause neurological symptoms includ-
ing paralysis, but also destroy the vertebral body

and intervertebral discs leading to kyphosis
deformity.%* Therefore, early and accurate diag-
nosis and treatment are crucial for patients with
septic spondylitis.

The gold standard for diagnosing pyogenic spon-
dylitis remains pathogen isolation through culture.
However, culture-based methods depend on
pathogen cultivability, are time-consuming, and
prone to missed detections.®®> mNGS technology
has demonstrated significant advantages in diag-
nosing pyogenic spondylitis, showing promising
clinical utility: Qi et al.3? detected, by performing
mNGS on 17 surgical specimens, that the com-
mon pathogens of pyogenic spinal infections,
including S. aureus, Streprococcus, E. coli, Brucella,
and various Bacillus species. Notably, the sensitiv-
ity of mNGS (82.4%) was significantly higher
than that of conventional microbial culture (5.9%)
(»p<<0.001). Li et al.3® analyzed data from 301
patients with PS and discovered a broad pathogen
spectrum (41 species in total) via mNGS. The
most common Gram-positive bacterium was S.
aureus, while the most prevalent Gram-negative
bacterium was E. coli. Furthermore, mNGS
detected several rare microorganisms, including
Prevotella (four cases), Bacteroides fragilis (two
cases), Coxiella burnerii (four cases), Cutibacterium
acnes (two cases), and Clostridium perfringens (one
case). In one case, mNGS simultaneously identi-
fied Porphyromonas gingivalis, Treponema denticola,
and S. constellatus. Liu et al.3* subjected 54 sam-
ples to both conventional microbial culture and
mNGS. The mNGS assay detected 15 pathogenic
microorganisms in total, with S. aureus accounting
for 38.8%, E. coli for 16.3%, and Streptococcus for
8.2%, along with rare cases of Salmonella typhi and
Prevotella intermedia (one case each). The detec-
tion rate in the mNGS group (90.7%, 49 cases)
was significantly higher than that in the conven-
tional microbial culture group (59.2%, 32 cases).
Additionally, the average turnaround time for
mNGS (1.4 +0.3days) was shorter than that for
conventional microbial culture (7.3 = 2.5days),
with both differences being statistically significant
(the summary of the above studies is shown in
Table 4). The results of these studies demonstrate
the promising potential of mNGS in the diagnosis
of pyogenic spondylitis.

Granulomatous spinal infections
Granulomatous infections refer to spinal infections
caused by specific pathogens, often presenting as
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granulomatous lesions.!> These include spinal
tuberculosis, brucellar spondylitis, fungal spondy-
litis, and parasitic spondylitis.

Tuberculosis (TB) is an ancient infectious disease
caused by M. rtuberculosis, threatening public
health.%¢ According to the 2023 Global TB
Report, approximately 10.6 million people devel-
oped TB in 2022, with an incidence rate of
133 per 100,000 population.®” Spinal tuberculo-
sis, the most common form of osteoarticular TB,
accounts for 50% of cases.®® Common diagnostic
methods include mNGS, microbial culture, Xpert
MTB/RIF assay, and T-SPOT. Li et al.®® reported
that the sensitivities of T-SPOT, Xpert MTB/
RIF, mNGS, mNGS + Xpert MTB/RIF, and
mNGS + T-SPOT tests were 92.7%, 53.7%,
39.0%, 73.2%, and 97.6%, respectively. Thus,
combining mNGS can enhance the sensitivity of
both Xpert MTB/RIF and T-SPOT.TB tests.
Current research applications of mNGS for spi-
nal tuberculosis detection include: Ye et al.?”
reported a rare case of disseminated TB diag-
nosed via mNGS, which detected M. tuberculosis
complex in both spinal surgical specimens and
bronchoalveolar lavage fluid. Guo et al.3> detected
34 cases of tuberculous infection using mNGS
among 112 patients and demonstrated that
mNGS outperformed microbial culture in detec-
tion rates of spinal infection (80.4% vs 19.6%),
spinal TB (69.39% vs 34.69%), and non-tuber-
culous infections (88.89% vs 53.97%). Jin et al.?3
identified M. tuberculosis as the predominant
pathogen detected by mNGS. The overall detec-
tion rate of mNGS reached 62.5%, significantly
higher than that of conventional culture methods
(30%). Jin et al.?¢ analyzed 203 specimens, iden-
tifying 79 cases of positive M. tuberculosis via
mNGS. Notably, mNGS could differentiate TB
from non-tuberculous infections, which is a capa-
bility lacking in TB-specific assays like Xpert
MTB/RIF. Additionally, when compared using a
composite reference standard (CRS), mNGS and
culture showed comparable sensitivities (71.2%
vs 73.0%). Li et al.?® detected 36 cases of spinal
tuberculosis using mNGS in 100 samples from
114 patients. Their key findings revealed that for
spinal tuberculosis: There is no statistically sig-
nificant difference in sensitivity between mNGS
and either Xpert or T-SPOT.TB (p=1.000 and
p=0.430, respectively). The sensitivity of the
mNGS assay was higher than that of MGIT 960
culture (p<<0.001) and pathological examination
(p=0.006). For non-tuberculous infections: The

sensitivity of the mNGS assay was higher than
that of bacterial culture (p<<0.001) and patho-
logical examination (p<<0.001). (The summary
of the above studies is shown in Table 5).

Brucellosis, a zoonosis caused by Brucella spp., is
endemic in northern China and frequently misdi-
agnosed. Du et al.?9 documented a non-endemic
case of brucellar spondylitis confirmed by mNGS.
Yin et al.%? identified Brucella infection in 15.79%
of cases (15/95) within their cohort of spinal
infection patients. In a separate study, Lv et al.4!
detected B. melitensis in 3 of 76 consecutive
patients with suspected spinal infections (The
summary of the above studies is shown in
Table 6). Multiple studies have identified Brucella
in clinical samples, highlighting mNGS as a pow-
erful tool to enhance detection accuracy for spe-
cific pathogens and guide a variety of infectious
diseases, particularly rare or diagnostically chal-
lenging cases.

The role of mNGS in the treatment of spinal
infections

The high detection rate (90.7%3%) and sensitivity
(85.7%22) of mNGS enable precise pathogen
identification, facilitating accurate diagnosis and
targeted therapy while mitigating antibiotic mis-
use and resistance development. Additionally,
its rapid turnaround time (36-48h23) supports
early diagnosis, thereby improving therapeutic
effectiveness and reducing complications (e.g.,
spinal cord compression, systemic infection).
Furthermore, its broad pathogen coverage
enhances detection of rare microorganisms
and culture-negative viruses, significantly decreas-
ing misdiagnosis and missed diagnoses. Zhang
et al.* demonstrated that mNGS-guided therapy
resulted in progressive declines in postoperative
C-reactive protein (CRP) and erythrocyte sedi-
mentation rate (ESR) levels, and by 30 days post-
operation, there was a statistically significant
difference in ESR between empiric and targeted
treatment groups. Qi et al.3?2 administered tar-
geted antibiotic therapy based on mNGS in 14
patients, resulting in marked reductions in post-
operative visual analog score, WBC, PCT, and
CRP (p<<0.01). Jin et al.23 provided anti-Nocar-
dia treatment to the patient who was diagnosed
with Nocardia spp. via mNGS, leading to signifi-
cant radiographic improvement on follow-up
MRI. In summary, with the assistance of mNGS
technology, most of the patients who received
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timely treatment recovered well, fully demon-
strating the value of early diagnosis in guiding the
precise treatment of IDS. However, the detection
cost of mNGS remains high and variable, depend-
ing on the sequencing technology employed and
other factors, which may substantially increase
the economic burden on patients.>® In addition,
mNGS requires a high-throughput sequencing
platform and a complex bioinformatics analysis
system. The associated equipment and mainte-
nance costs are high, placing high demands on
healthcare organizations. Furthermore, mNGS
testing has not yet been widely included in health
insurance reimbursement, limiting its adoption in
the clinic.

Impact of sample type on detection efficacy

In the diagnosis of infectious diseases such as spi-
nal infections, the choice of sample type is a criti-
cal factor determining detection sensitivity.
Although most spinal infections are transmitted
via the bloodstream, suggesting the potential
presence of pathogens in the blood, samples col-
lected directly from the infection site (including
tissue and pus) demonstrate superior diagnostic
performance in practice. Multiple studies provide
evidence supporting this: Qi et al.32 reported that
for pyogenic spinal infections, the sensitivity of
mNGS using site-specific samples (tissue or pus)
was 82.4%, whereas the sensitivity of conven-
tional culture using blood samples was only 5.9%.
In the study by Wan et al.,*> when blood culture
was used as the gold standard, the sensitivity and
specificity of mNGS were 66.7% and 12.5%,
respectively. However, when the gold standard
combined results from blood culture and other
cultures (sputum, catheter drainage fluid, and
urine), the sensitivity and specificity of mNGS
increased to 86.4% and 20.0%. The above results
indicate that blood culture has certain limitations
as a gold standard; moreover, when the sample
type expands from blood alone to include tissue
or pus, the detection efficacy of mNGS shows an
improvement.

When focusing on site-specific samples, mNGS
technology demonstrates higher sensitivity com-
pared to traditional methods. For instance, Zhang
et al.¥® concurrently performed mNGS and
microbial culture on 21 pus samples and found
that the sensitivity of mNGS was 84.2%, com-
pared to 42.1% for culture. Similarly, Li et al.38
reported that for site-specific samples (tissue and

pus), the sensitivity of mNGS reached 89.0%,
significantly higher than that of culture (including
MGIT 960 and conventional culture, 28.1%)
and histopathological examination (42.9%).
These data not only highlight the importance of
sample type for detection efficacy but also reveal
the value of site-specific samples in the diagnosis
of spinal infections, which are considered one of
the preferred sample types for achieving accurate
diagnosis.

Limitations and future perspectives

The clinical application of mNGS for detecting
spinal infections faces several practical challenges.
Although mNGS can identify a broad spectrum
of pathogens, it cannot definitively discriminate
between current infection, opportunistic coloni-
zation, or commensal organisms, nor can it con-
firm active infection. Therefore, the results of
mNGS must always be interpreted in correlation
with clinical manifestations, imaging findings,
inflammatory markers (such as CRP and ESR),
and histopathological evidence.

Furthermore, the widespread adoption of mNGS
is confronted with significant technical limitations.
These include the risk of sample contamination,
amplicon contamination, interference from high
levels of host nucleic acids, a lack of standardized
procedures, and a dependency on skilled bioinfor-
matic experts—especially in low-resource settings.
To further improve the detection efficacy and clin-
ical application value of mNGS, the following
improvements could be implemented: (1)
Comprehensive technical optimization: optimize
sample processing and analytical methods to
reduce background and host DNA interference.
Enhance nucleic acid extraction protocols and
expand microbial sequence databases to improve
test specificity and sensitivity. (2) Implementation
of fully automated mNGS workflows: for example,
Luan et al.’”% developed an integrated system
(NGSmaster) that automates wet laboratory work-
flows, including nucleic acid extraction, PCR-free
library preparation, and purification. Since most
experimental procedures are performed in closed
chambers without requiring PCR amplification,
this fully automated system can significantly
reduce hands-on time while minimizing microbial
contamination, thereby streamlining the mNGS
process to reduce testing costs and healthcare bur-
dens. (3) Standardization of mNGS testing proto-
cols: establish unified procedures for consistent
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and reproducible results across laboratories. (4)
Expansion of clinical applications: broaden the use
of mNGS to detect drug-resistant genes and
dynamically monitor pathogen load and resistance
gene profiles during treatment. This approach
would provide more accurate, real-time clinical
evidence to guide therapy, promote faster patient
recovery, and prevent complications.

Limitations of this review

This study has several limitations. (1) Although
we systematically searched both Chinese and
English databases, the original data from all
included studies were not available and were not
supplemented by contacting the authors, which
may have resulted in incomplete data extraction.
(2) The inclusion criterion of “impact factor
greater than 1,” intended to ensure quality, may
have excluded valuable studies published in
emerging or regional journals, thereby introduc-
ing selection bias. (3) The high heterogeneity
among the included studies precluded a meta-
analysis to obtain more precise effect estimates,
thus necessitating a narrative synthesis.

Summary

mNGS is an advancing pathogen detection tech-
nology with broad pathogen spectrum, high
detection rate and sensitivity, and rapid turna-
round time, which plays a pivotal role in the
diagnosis and treatment of both pyogenic spon-
dylitis and granulomatous spinal infections.
Compared with traditional diagnostic tech-
niques, the results of mNGS can not only pro-
vide key evidence for the diagnosis of IDS,
reducing the missed or misdiagnosed cases, but
also guide the precise treatment and improve the
prognosis of patients with spinal infections,
which has broad clinical application prospects.
However, it is noteworthy that the choice of
sample type can significantly affect the diagnos-
tic performance of mNGS. Additionally, mNGS
still faces common challenges such as specificity,
cost, and technical difficulty, which need to be
systematically overcome by further in-depth
research. In the future, with the development of
interdisciplinary technology, the advancement
of clinical multidisciplinary model, and the guid-
ance of intelligent demand in complex clinical
scenarios, mNGS will provide more comprehen-
sive and efficient support for the precise diagno-
sis and treatment of IDS.
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