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Background: The objective of this study is to utilize metagenomic next-
generation sequencing (MNGS) to analyze the risk factors causing negative
microbial cultures, comprehensively delineate the microbial profiles neglected
by traditional cultures, and optimize the pathogenetic diagnostic
procedure accordingly.

Research design and methods: We enrolled 341 patients diagnosed with Ol at
our center between 2016 and 2022, and gathered data including age, gender,
clinical diagnosis, duration of antibiotic use prior to sampling, microbial culture
results, and mNGS results for these patients. According to microbial detection
results, risk factors for negative microbial culture and mNGS results were
investigated through univariate and multivariate analyses, and the microbial
profile in cases with negative microbial cultures was summarized in
conjunction with mNGS results. Building upon this, we suggest strategies to
enhance the positivity rate of microbial cultures based on clinical experience.

Results: Invasive osteoarticular infection (IOI), multi-infections, rare pathogen
infections, and prior antibiotic use are risk factors for negative microbial cultures.
When the duration of prior antibiotic use is >3 days, mMNGS demonstrates
significantly higher pathogen detection efficiency than microbial culture.
Moreover, the risk of negative microbial culture increases by 4.8 times with the
exposure to each additional risk factor (OR=4.043, 95%Cl [2.835, 5.765],
P<0.001). Additionally, over one-third of culture-negative Ol involve
polymicrobial infections or rare pathogens.
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Conclusions: Clinicians should tailor microbial culture strategies based on
patient conditions. When needed, they can collaborate with mNGS or optimize
microbial culture conditions based on mNGS results to enhance the efficiency of

pathogen diagnosis.

KEYWORDS

osteoarticular infection, negative microbiological cultures, metagenomic next-
generation sequencing, risk factors, pathogen diagnosis

1 Introduction

According to a research group at the 2018 International
Consensus Meeting (ICM), the incidence of infection in all
subspecialties of orthopedics in North America ranges from 0.1%
to 30.0%, and the healthcare cost per patient ranges from $17,000 to
$15,000 (Schwarz et al., 2019; Yagupsky and Ceroni, 2023).
Osteoarticular infection (OI) pose severe threats, causing
excruciating pain, functional impairment, and potentially life-
threatening complications, significantly diminishing patients’
quality of life and imposing a substantial burden on healthcare
systems (Yagupsky, 2019; Coulin et al,, 2021). Accurate and early
diagnosis of pathogens is critical for effective treatment of OI, disease
management, and the prevention of infection transmission; unclear
pathogen diagnosis is a major cause of patient treatment failure
because timely treatment is difficult (Goswami et al., 2022).

Currently, the preferred technique for pathogenetic diagnosis in
the clinic is microbiological culture. However, the literature suggests
that in up to 42% of infections, microbiological culture fails to find
the pathogen (Reisener and Perka, 2018). Treatment outcomes are
often suboptimal in culture-negative OI, particularly in prosthetic
joint infections (PJI), where culture-negative patients face a four-
fold higher risk of requiring revision surgery compared to their
culture-positive counterparts (Mortazavi et al., 2011). To enhance
the detection efficiency of causative pathogens, clinicians are
pursuing multifaceted and comprehensive research endeavors.
Molecular diagnostic techniques, such as PCR and metagenomic
next-generation sequencing (mNGS), have emerged as promising
alternatives (Jacovides et al., 2012; Tarabichi et al., 2018). Compared
to traditional methods, mNGS offers several advantages, including
the ability to detect pathogens that are challenging to culture or
exhibit atypical phenotypic characteristics, as well as the capacity to
identify multi-infections (Zhang et al., 2019). In the context of O],
mNGS has proven invaluable for detecting culture-negative cases
and identifying rare or unusual causative agents (Fang et al., 2021a;
Mei et al., 2023).

Microbiological cultures often fail to identify the causative
pathogens due to various factors, such as inadequate sample volumes
and delayed sample transportation, which markedly reduces the
likelihood of isolating the infecting microorganisms (Jain et al., 2015;
Sousa et al,, 2021). Moreover, the diagnostic performance of
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microbiological cultures is influenced by the type of OI, with invasive
osteoarticular infections (IOI) posing greater challenges for pathogen
identification compared to primary osteoarticular infections (POI)
(Fang et al, 2022). Invasive orthopedic joint infections (IOI) are
typically caused by invasive medical procedures, such as joint
puncture, surgical operations (for example, joint replacement surgery,
arthroscopy, etc.), or the introduction of pathogens through blood
circulation, caused by invasive dental procedures and venous catheters.
Primary osteoarticular infections (POI) occur when local tissue
infections or inflammations directly extend to bones and joints,
generally in the absence of clear external invasive elements
(Klosterman et al, 2021). While previous studies have identified
various factors influencing microbial culture positivity rates, a
comprehensive clinical evaluation of risk factors associated with
negative culture results remains lacking.

This study utilized clinical data from a substantial cohort of OI
patients treated at our institution to conduct a comprehensive
investigation of risk factors associated with negative microbial
cultures. Additionally, we performed an in-depth analysis of the
microbial characteristics observed in culture-negative cases of OI.
Based on these findings, we advocate for an integrated approach to
pathogen diagnosis that incorporates metagenomic diagnostics to
improve the detection rate of microbial cultures, ultimately aiming
to advance early diagnosis and prompt treatment interventions.

2 Patients and methods
2.1 Patient selection

With the approval of the Ethics Committee of the First Affiliated
Hospital of Fujian Medical University (MRCTA, FMU ECFAH[2015]
084-2), we enrolled patients who were diagnosed with OI at our facility
between 2016 and 2022. Upon admission, they underwent a
comprehensive examination, including blood collection for white
blood cell count, measurement of erythrocyte sedimentation rate
(ESR) and C-reactive protein (CRP) levels. Additionally, for some
patients, we evaluated the white blood cell count, white blood cell
differential, and leukocyte esterase (LE) in synovial fluid. All patients
underwent microbial culture and mNGS. Pathogenetic information of
OI patients is obtained from microbial cultures, mNGS, or PCR.

frontiersin.org


https://doi.org/10.3389/fcimb.2024.1457639
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Ding et al.

Diagnosis is confirmed by at least two senior orthopedic surgeons, two
senior infectious disease experts, and one senior microbiologist
referencing the diagnostic criteria established at the 2018
International Consensus Meeting (ICM). The inclusion criteria are as
follows: (1) Confirmed diagnosis of OI (2) adequate samples for
pathogen testing, including microbiological culture and mNGS; (3)
complete medical records; and (4) agreed to participate in this study.
The exclusion criteria were as follows: (1) had comorbidities of other
infectious diseases, (2) had comorbidities of malignant neoplasms, and
(3) had incomplete medical records. All OI patients included in this
study were divided into IOI and POI according to the occurrence of
infection, among which IOI included periprosthetic joint infection
(PJI), implant-related infection (IRI), surgical site infection (SSI), septic
arthritis (SA) and other bone and joint infections caused by open
injuries or invasive operations. POI included primary septic arthritis
(PSA), osteomyelitis (OM), musculoskeletal tuberculosis (MTB),
suppurative spondylitis (SS), and so on. In addition, prosthetic joint
infection (PJI) refers to infection around the joint prosthesis caused by
bacteria, fungi or other microorganisms after prosthetic joint
replacement surgery. The diagnosis of PJI is based on the criteria of
the Musculoskeletal Infection Society (MSIS). Additionally, prosthetic
joint infection (PJI) is an infection of the area surrounding the joint
prosthesis following joint replacement surgery, caused by bacteria,
fungi, or other microorganisms, and the diagnosis of PJI is based on the
Musculoskeletal Infection Society (MSIS) criteria.

2.2 Specimen collection and
microbial culture

Specimens were transferred to the microbiology laboratory
within half an hour after collection, and microbiological cultures
were performed by pretreatment according to the sample type. For
tissue specimens, an appropriate amount of specimen was digested
and ground with 1 ml of trypsin (Qingdao Haibo Biotechnology
Co., Ltd., HBPMO0153) in an automatic fast grinder (40 Hz, 90 s)
until the tissue samples were homogenized. The tissue homogenates
were inoculated on blood culture plates and incubated under
anaerobic and aerobic conditions. For liquid specimens (e.g.,
synovial fluid, pus, wound exudate, etc.), specimens were injected
into Bactec Plus/F or BactecPeds Plus/F aerobic and anaerobic
blood culture flasks (Becton Dickinson, Germany) and incubated in
a Bactec 9050 autos tat (Becton-Dickinson, Germany) incubated in
a Bactec 9050 automated thermostat (Bectn-Dickinson, Germany)
for 14 days. For implants removed intraoperatively, 400 ml of sterile
saline was added for sonication (40 Hz, 5 min) to disrupt the
biofilm, which was prepared as an ultrasound lysate and then
injected into aerobic culture bottles (9239513; Becton-Dickinson,
Franklin Lakes, New Jersey, USA) and anaerobic culture bottles
(9293496; Becton-Dickinson) for 14 days.

2.3 mNGS

Specimen pre-treatment was consistent with that described in
microbiological culture and mNGS assay was performed according
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to the previously described method (Tarabichi et al., 2018; Wang
et al., 2020). Briefly nucleic acid extraction was first performed by
taking 500ul of liquid or homogenate and extracting total
deoxyribonucleic acid (DNA) using the TIANamp Micro DNA
kit (DP316, Tiangen, China) according to the manufacturer’s
instructions. Subsequently, library construction and sequencing
were performed to randomly fragment the DNA into 200-300 bp
fragments. dsSDNA HS assay kit (Thermo Fisher Scientific, USA)
was used to detect the concentration of the DNA libraries; after
cyclisation, the libraries were replicated by rolling the ring to
produce DNA nanospheres. The prepared DNA nanospheres
were loaded onto sequencing chips and sequenced using the
BGISEQ-500 platform (UWIC, China). Ultimately, a
bioinformatics analysis was performed to exclude low-quality data
and sequences shorter than 35bp. Human genomic sequences
(Hgl9) were eliminated using Burrows-Wheeler alignment, and
the residual data were compared against a microbial database to
categorize them into viruses, fungi, bacteria, and parasites.

2.4 Interpretation of mNGS results

Interpretation of mNGS results was based on previous literature.
Genome coverage was defined as the length of detected pathogen
sequences divided by the total length of the reference genome (Street
et al,, 2017; Miao et al,, 2018). Relative abundance at the genus level
was defined as the proportion of microbial genera in the same broad
category (bacteria, fungi, viruses, parasites) among the detected
pathogens. Taking into account previous reports in the literature,
the thresholds were set as follows: (1) For common background
bacteria including Burkholderia spp, Ralstonia spp, Delftia spp,
Sphingomonas spp, Streptomyces spp, Sodaria spp, Aspergillus spp,
and Albugus spp, they were also identified as pathogens when the
relative abundance at the genus level was >80%. (2) The pathogenic
species was determined by having the greatest coverage rate and
standardized number of reads stringently mapped to pathogen at
the species level (SDSMRNS) among the pathogenic genera. (3) When
standardized, the Mycobacterium TB complex was judged to be the
pathogenic bacteria due to the extremely low nucleic acid output; the
number of reads stringently mapped to pathogen in genus level
(SDSMRNG). In cases with negative microbiological cultures but
positive results for mNGS, the following criteria were used to assess
the confidence of the mNGS results (Wang et al., 2019; Xie et al., 2021):
(1) The use of a third method such as 16S PCR, which showed results
that were consistent with those of the mNGS assay. (2) Based on
previous studies, pathogens have been reported to cause osteoarticular
infections and the reported clinical features are consistent with those of
the patients. (3) Targeted therapy is effective as determined by at least
three senior clinicians.

2.5 Statistical analysis
Continuous variables with normal distribution were expressed as

mean * standard deviation and count data were expressed as numbers
(percentages). Differences between the two groups were compared by
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chi-square test or McNemar test. All statistical analyses were performed
using SPSS 26.0; P < 0.05 was considered statistically significant.

3 Results
3.1 Demographic characteristics

Our overall cohort included 419 patients with bone and joint
infections. Of these patients, 75 were not screened via mNGS, and 3
were excluded due to incomplete follow-up data.Of the 341 enrolled
patients, 272 had positive culturing results, while 69 had negative
culturing results. There were no significant differences in age, BMI,
a CCI, or sex between the two groups. Microbial culture-positive
patients included 150 (55.15%) 101 patients, including 123 (45.22%)
with PJI. There were 38 (13.97%) patients with multi-infections and
31 (11.40%) patients with infections of rare bacteria identified by
mNGS. The duration of antibiotic use before sampling was 2.5 + 3.6
days. The microculture-negative patients included 51 (73.91%) IOI
patients and 42 (60.87%) PJI patients. There were 28 (40.58%)
patients with multi-infections and 27 (39.13%) patients with
infections caused by rare pathogens identified by mNGS. The
duration of antibiotic use before sampling was 9.2 + 6.0 days. The
diagnosis of IOI, PJI, multi-infections, and rare pathogens
infections and the duration of antibiotic use before sampling are
important factors that may affect the results of microbial
culture (Table 1).

3.2 Risk factors for negative
microbial culture

According to the analysis results presented in Table 1, we
utilized 101, PJI, multi-infections, rare pathogens infections, and
the use of antibiotics before sampling to construct a multifactor
logistic regression model. The results showed (Figure 1) that for
each additional day of antibiotic use before sampling, the

TABLE 1 Characteristics of patients.

Characteristics CP
(n =272)
Age (years) 58.5 + 16.7
BMI (kg/m2) 24.97 +2.73
aCCI 1.89 + 1.45
Gender (M/F) 122/150
Diagnosed with IOI or POI 150/122

Diagnosed with PJI, n (%) 123 (45.22%)

Multi-infection detected by mNGS, n (%) 38 (13.97%)
Rare pathogen detected by mNGS, n (%) 31 (11.40%)

Prior use of antibiotics (days) 25+36

10.3389/fcimb.2024.1457639

probability of negative microbial culture significantly increased by
30.7% (OR=1.307, 95%CI [1.203, 1.420], P< 0.0001). The risk of
culture-negative infection in patients with rare pathogens infection
was 4.171 times greater than that in patients with nonrare
pathogens infection, and the difference was significant (OR=
4.171, 95%CI [1.841, 9.450], P= 0.001). The risk of culture-
negative infection in patients with multi-infections was 3.154
times greater than that in patients without multi-infections, and
the difference was significant (OR= 3.154, 95%CI [1.494, 6.659], P=
0.003). The risk of culture-negative infection in IOI patients was
3.053 times greater than that in POI patients (OR= 3.053, 95%CI
[1.014, 9.188], P= 0.047). There was no significant increase in the
risk of negative microbial culture results in PJI patients compared
with non-PJI patients (OR= 0.457, 95%CI [0.164, 1.272], P= 0.134).

3.3 The advantages of mNGS in detecting
pathogen information in patients with Ol

The percentages of positive microbial culture and mNGS results
were calculated (Table 2). As shown in Table 2, approximately
79.77% (272/341) of the microbial cultures were positive, and
92.67% (316/341) of the mNGS samples were positive; the
percentage of positive mNGS samples was significantly greater
than the percentage of positive culture samples (P<0.0001). With
mNGS results as the dependent variable, OI type, PJI, multi-
infections, and the use of antibiotics before sampling were
analysed to construct a multivariate logistic regression model. We
found that (Figure 2A) IOI, PJI, multi-infections, and rare
pathogens infections were not risk factors for mNGS negativity,
but the probability of a negative microbial culture significantly
increased by 23.2% for each additional day of antibiotic use before
sampling (OR=1.232, 95%CI [1.134, 1.340], P<0.0001). In addition,
stratification was conducted according to the duration of antibiotic
use before sampling. The analysis results indicate that when
antibiotics are used for >3 days prior to sampling, the rate of
negative results in mNGS is significantly lower than that in

CN P Value
(n=69)
621 % 14.1 0.099
2445 +2.14 0.092
2.16 + 1.36 0.170
34/35 0510
51/18 0.005
42 (60.87%) 0.020
28 (40.58%) < 0.0001
27 (39.13%) < 0.0001
92+6.0 < 0.0001

CP, culture positive; CN, culture negative; BMI, body mass index; aCCI, age-adjusted Charlson Comorbidity Index; M, Male; F, Female; 101, invasive osteoarticular infection; POI, primary

osteoarticular infection; PJI, prosthetic joint infection.
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FIGURE 1

Binary logistic regression analysis of risk factors leading to negative microbial culture results.

microbiological culture (Figure 2B). Further analysis revealed that
for risk factors including IOI, multi-infections, rare pathogens
infections, and prior antibiotic use, the risk of negative results in
microbiological culture increased by 4.8 times with exposure to each
additional risk factor (OR=4.043, 95% CI [2.835, 5.765], P<0.001),
while the risk of negative results in mNGS increased by 1.849 times
with exposure to each additional risk factor (OR=1.849, 95% CI
[1.257, 2.719], P<0.001).

3.4 Microbial profiles of culture-negative
Ol detected by mNGS

Samples from infection sites of OI patients with negative
microbial cultures were subjected to mNGS detection, where
38.71% were ultrasonic dissolution fluid samples, followed by
synovial fluid (35.48%) and fresh tissue (25.81%) samples. From
the entire cohort, 114 different pathogens were detected by mNGS,
45 of which were gram-positive organisms, 56 were gram-negative
organisms, 10 were fungi, 2 were mycoplasmas, and 1 was rickettsia
(Supplementary Table S1). Among these, 13.15% of the pathogenic
bacteria (15 out of 114 species) were present in at least 3 patients
(approximately 5%). When ranked according to the incidence of
culture-negative OI cases, the most common strains were
Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas
aeruginosa, Pseudomonas monteri, Limonobacter fraudiensis, and
Mpycoplasma hominis (Figure 3). mNGS revealed that 46.67% (28
patients) of the culture-negative OI patients had multiple
pathogenic microorganisms. The median number of pathogens
identified in each multiple infection was 5, and the mean and
standard deviation were 6.8 + 5.1 (Figure 3). In addition, of the 28

TABLE 2 Pathogenic detection rate of mNGS and microbial culture in
10l and POI.

Positive Negative P Value

<0.0001
Microbial culture 272 69 /
mNGS 316 25 /

101, invasive osteoarticular infection; POI, primary osteoarticular infection.
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multi-microbial patients, 82.14% had multiple species defined as
common (based on a 5% incidence threshold); in these cases, the
median and average were 3 and 3.4 + 2.7 common species,
respectively. In the case of multi-infections, the relative
abundance of a bacterium was used as an indicator of the
dominant microorganism. In our sample set, Mycoplasma
hominis, Streptococcus agalactis, Enterococcus faecalis, and
Staphylococcus aureus were the most common among the
multiple microbial infections, while Staphylococcus aureus,
Staphylococcus epidermidis, and Pseudomonas aeruginosa had the
highest incidence (Figure 4).

3.5 Representative culture-negative cases
diagnosed by mNGS

Representative culture-negative patients that were accurately
diagnosed utilizing the mNGS method are listed in Supplementary
Table S2. Patients 1-5 had PJI, and no pathogenic bacteria were
detected via microbial culture. The pathogens detected by mNGS
were Candidatropicalis, Coxiella burnetii, Fusobacterium
nucleatum, Mycoplasmahominis, and Finegoldiamagna, all of
which were cultured fussy bacteria. Patient 6 presented with
sudden knee swelling, pain, and an increased skin temperature.
PSA was suspected, but preoperative synovial microbiological
cultures were negative. mNGS suggested that the pathogen may
be Parvimonas micra (P. micra), an anaerobic bacterium that
requires specific culture conditions and is difficult to isolate
through conventional culture methods. To confirm the results,
16S PCR was used to identify pathogenic bacteria, and the results
were consistent with the mNGS results, indicating that P. micra was
a true pathogen rather than a background bacterium. Preoperative
synovial microbiological cultures in patients 7-9 were negative, but
mNGS suggested Mycobacterium abscess, Mycobacterium
tuberculosis, and Mycobacterium columbiae, respectively. After
treatment with targeted antibiotics, the infections were well
controlled. The pathogens in patients 10-12 were Mycobacterium
abscess, Mycobacterium tuberculosis, and Mycobacterium
columbiae, respectively. Patients 10 and 11 were treated with
antibiotics within 2 weeks, resulting in low bacterial viability, a
low bacterial load, and negative microbial culture results. Patient 13,
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FIGURE 2
Advantage analysis of the aetiological diagnosis of MNGS. (A) Analysis of risk factors for negative mNGS detection. (B) Effect of the duration of
antibiotic treatment before sampling on the percentage of negative microbial culture results and the mNGS aetiology results.
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FIGURE 3

A bar graph is presented for samples with negative microbial cultures, illustrating the overall distribution frequency of diverse microorganisms
identified by mNGS (green bars) and their frequency in polyinfections (red bars). Only pathogens that were reported at least three times in the study
area were included in mapping.
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Trends in pathogen incidence and prevalence, as summarized based on the relationship between incidence and study-wide mean

relative abundances.

had chronic PJI; the sample was a joint prosthesis, and the reason
for the negative culture may be related to the immune escape
mechanism of Staphylococcus aureus. mNGS suggested that the
pathogen was Pseudomonas aeruginosa, although this bacterium
has no special requirements for microbial culture and is generally
easy to isolate.

4 Discussion

Targeted antibiotic therapy is a crucial strategy for treating OI,
highlighting the importance of early etiological diagnosis. Despite
the significant contribution of microbial cultures to OI treatment by
clinicians over the years, there is still room for improvement in their
sensitivity and accuracy in pathogen detection. To explore
optimization of microbial culture systems, we collected microbial
culture data and mNGS detection data from 341 OI patients at our
medical center. Based on the mNGS detection results, we analyzed
risk factors and microbial profiles for culture-negative specimens,
we found that IOI, multi-infections, rare pathogens and prior
antibiotic use (=3 days) were key risk factors for negative
microbial culture. In addition, PJI patients should also be given
sufficient attention due to the particularity of their infection
environment.As reported in previous studies, the use of
antibiotics prior to sample acquisition was one of the significant
risk factors associated with negative microbial cultures (Berbari
et al., 2007; Kalbian et al., 2020). Our results showed that mNGS is
more tolerant to pre-sampled antibiotic use than microbiological
culture, and mNGS pathogen detection significantly reduces the
percentage of negative results at =3 days of pre-sampled antibiotic
use. Given the high sensitivity of mNGS for the aetiological
detection of bone and joint infections, the use of prophylactic
antibiotics when OI is diagnosed or suspected and when the
pathogen has not yet been identified depends on the clinician’s

Frontiers in Cellular and Infection Microbiology

judgement based on serological examination of the CRP, RSR, and
PCT and clinical manifestations such as local redness, swelling, and
pain. Especially for patients with PJI, the International Medicine
(ICM) consensus in 2018 indicated that in the case of a diagnosis or
suspected PJI, there is no need to force the treatment of unknown
pathogens, thus antibiotics can be withheld (Schwarz et al., 2019).

Multi-infection may occur in a proportion of cases, and these
factors may lead to uncertainty in the diagnosis of the aetiological agent
(Hoffman et al., 2006; Wolcott et al,, 2013). In the present study, mNGS
revealed that 34/69 patients had mixed infections. In fact, in an infected
ecosystem at an orthopaedic surgical site, when the absolute amount of
microbial space and nutrients is insufficient, two or more microbial
populations compete for the same resources, and the dominant flora
may eliminate other microbial species in the same environment or
affect the growth rate of microorganisms under symbiosis (Hoffman
et al, 2006; Wolcott et al., 2013; Xie et al,, 2020). This competitive
relationship leads to fewer microbes and, as the number of microbial
species increases, the risk of negative culture results increases. Due to
the complex environment at the time of injury, the probability of multi-
infections is significantly greater in IOI patients than in POI patients. In
the present study, we revealed that disease type significantly affects the
risk of negative microbial cultures.

In addition, another important reason for negative microbial
culture results is infection by rare pathogens (Signat et al., 2011;
Chenouard et al.,, 2019; Anagnostakos et al., 2021; Huang et al.,
2022). Among these atypical pathogens, Mycobacterium
tuberculosis and Mycobacterium abscessus requires a special
growth medium; otherwise, it is difficult to culture the results
(Lasso and Peérez, 2009; Watanabe et al., 2023). For Mycoplasma,
Fungi, and Propionibacterium acnes (P. CNES), the culture
conditions are strict; thus, it can take 21 days to isolate the
pathogen (Zappe et al., 2007; Rienmiiller and Borens, 2016; Singh
et al, 2023). In the case of these atypical pathogens, molecular
diagnostic techniques such as polymerase chain reaction or mNGS
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are often needed to confirm the diagnosis (Huang et al, 2022;
Suarez-Cuervo et al., 2022). It is worth noting that IOI encompass a
diverse array of causative agents, ranging from common bacterial
pathogens to rare etiologies like Mycobacteria, Fungi, and Rickettsia,
with a subset of cases involving multi-infections (Thoendel et al.,
2017; Huang et al,, 2019; Krauth et al., 2021).

Further, patients with implant-associated infection in clinical
practice often develop chronic infection, and the pathogenic
bacteria can form biofilms on the surface of implants, reducing the
number of pathogenic bacteria in tissues and resulting in negative
bacterial culture, which is common in patients with chronic PJI
(Gbejuade et al., 2014). In recent years, our team showed that
Staphylococcus aureus can undergo small colony mutations in
chronic infections, resulting in low toxicity, low metabolism, and
difficulty culturing (Cai et al., 2023). In the above circumstances,
although pathogens are difficult to detect, they still possess
pathogenicity, and these pathogens exist in a state similar to viable
but non-culturable (VBNC) (Xu et al., 1982; Murugan and
Vasudevan, 2018; ng(ﬁrdﬁ et al, 2022). In the VBNC state,
microbes cannot be detected by traditional laboratory methods, but
they can be revived under the right conditions. Moreover, invading

Suspected OI

10.3389/fcimb.2024.1457639

pathogens can form intracellular infections that evade the host’s
immune defenses (de Mesy Bentley et al., 2017; Krauss et al,, 2019).
During chronic infection, Staphylococcus aureus can colonize bone
cells or bone lacunae; thus, the bacteria can colonize the host for a
long time and the number of bacteria outside the cell can be reduced,
resulting in negative culture results.

In summary, based on this study, we propose providing
recommendations for optimizing the clinical microbiological testing
workflow accordingly (Figure 5). In fact, we have gradually applied
the above strategies to clinical applications, and early studies by our
team have shown that tissue grinding can significantly improve the
positive rate of microbial culture (Fang et al., 2021b). Additionally,
the work of Bonnet M et al. has demonstrated that modifying
microbial culture conditions—such as altering the culture medium,
extending incubation periods, and adjusting anaerobic settings—can
enhance the positivity rate of microbial cultures (Bonnet et al,, 2019).
Furthermore, the advantage of mNGS in detecting multiple infections
and rare pathogens has been confirmed (Li et al., 2018; Wang et al.,
2019; Xiao et al,, 2019; Xie et al., 2023; Qian et al., 2024). Although
mNGS testing has many advantages over traditional pathogen
detection methods, it cannot completely replace traditional
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methods. Exploring the right timing for using mNGS, expanding
potential application scenarios, and combining it with microbial
culture plans can optimize the detection of pathogenic
microorganisms, thereby better serving patients and physicians.

5 Conclusions

In this work, based on the results of mNGS, we identified 101
diagnosis as a significant risk factor for negative microbiological
cultures and further identified significant correlations among IOI
diagnosis, multi-infections, and PJI diagnosis. Compared to
microbiological culture methods, mNGS is more effective at
excluding factors such as the diagnosis of IOI, multi-infections, PJI,
and the presence of rare organisms, thus significantly improving the
detection of pathogenic microorganisms. However, pre-sampling
antibiotic use is an important risk factor for negative microbiological
culture and mNGS results. Based on the above findings, we further
developed a process for pathogenic microbiological diagnosis in the
clinic; we believe that this process can provide clinicians with ideas to
accelerate the early pathogenic diagnosis of infected patients.
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