
O R I G I N A L  R E S E A R C H

Explore the Application Value of Metagenomic 
Next-Generation Sequencing of Bronchoalveolar 
Lavage Fluid in the Early Diagnosis of Pulmonary 
Tuberculosis
Yangni Lu1,*, Chunlan Zhang1,*, Jianlin Wu1, Xianli Xu1, Ailian Lu1, Huiya Huang2, Maowei Chen1

1Department of Infectious Diseases, Wuming Hospital Affiliated to Guangxi Medical University, Nanning, Guangxi, People’s Republic of China; 
2Department of General Medicine, Wuming Hospital Affiliated to Guangxi Medical University, Nanning, Guangxi, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Maowei Chen; Jianlin Wu, Email chenmaowei2008@163.com; wjl4954@163.com

Objective: Compare the diagnostic efficacy of bronchoalveolar lavage fluid (BALF) metagenomic next-generation sequencing 
(mNGS) with that of four traditional methods in the diagnosis of pulmonary tuberculosis (PTB), and explore the application value 
of BALF mNGS in the early diagnosis of PTB.
Methods: A retrospective analysis was performed on 102 patients with suspected PTB in Wuming Hospital Affiliated with Guangxi 
Medical University from January 2021 to August 2024, among which 61 cases were PTB and 41 cases were non - PTB. Diagnostic 
performance metrics (sensitivity, specificity, positive/negative predictive value [PPV/NPV], accuracy) were calculated for BALF 
mNGS, sputum TB-DNA, sputum acid-fast bacilli (AFB) smear, BALF AFB smear, and BALF TB-DNA, using clinical diagnosis as 
the reference standard.
Results: BALF mNGS demonstrated a sensitivity of 75.41% (46/61), specificity of 87.80% (36/41), PPV of 90.20% (46/51), NPV of 70.59% 
(36/51), and accuracy of 80.39% (82/102). Its accuracy was significantly higher than sputum-based methods (53.03–58.82%, P < 0.0125) 
and second only to BALF TB-DNA (84.13%, P > 0.0125). BALF mNGS exhibited superior sensitivity compared to sputum TB-DNA 
(38.00%), sputum AFB smear (41.67%), and BALF AFB smear (41.50%) (P < 0.0125). While specificity and PPV showed no significant 
differences among methods, BALF mNGS had a higher NPV than sputum-based assays (53.03–54.17%) but lower than BALF TB-DNA 
(82.53%, P < 0.0125). Both BALF mNGS (Kappa = 0.608, P < 0.001) and BALF TB-DNA (Kappa = 0.670, P < 0.001) showed strong 
concordance with clinical diagnosis.
Conclusion: BALF mNGS demonstrates high sensitivity and accuracy for PTB diagnosis, outperforming conventional sputum-based 
methods. Although BALF TB-DNA achieved the highest specificity and NPV, BALF mNGS serves as a robust supplementary tool, 
particularly for early-stage or paucibacillary PTB. Integration of these molecular techniques may optimize diagnostic workflows in 
high-TB-burden settings.
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Introduction
Tuberculosis (TB) remains a leading cause of morbidity and mortality worldwide, with an estimated 10.6 million new 
cases and 1.6 million deaths reported in 2021.1,2 Pulmonary tuberculosis (PTB), accounting for over 80% of TB cases,2 

poses unique diagnostic challenges due to its nonspecific early symptoms, prolonged latency, and high transmissibility.3 

Early and accurate diagnosis is critical not only for timely treatment initiation but also for interrupting community 
transmission.
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Conventional diagnostic methods for PTB, including sputum acid-fast bacilli (AFB) smear microscopy and 
Mycobacterium tuberculosis (MTB) culture, face well-documented limitations. While AFB smear microscopy is rapid 
and cost-effective, its sensitivity is suboptimal (50–60%) and heavily dependent on bacterial load, leading to frequent 
false-negative results in paucibacillary or early-stage infections.4 Although MTB culture remains the gold standard with 
high specificity (>99%), its prolonged turnaround time (2–8 weeks) delays treatment decisions.5 These limitations 
underscore the urgent need for novel diagnostic tools capable of balancing speed, sensitivity, and practicality.5,6

Bronchoalveolar lavage fluid (BALF), enriched with pathogen-derived nucleic acids from lower respiratory tract 
infections, has emerged as a promising specimen for molecular diagnostics.7,8 Metagenomic next-generation sequencing 
(mNGS), an unbiased high-throughput sequencing technology, enables simultaneous detection of all microbial genomes 
within a sample, offering advantages in diagnosing complex or atypical infections. Recent studies have validated its 
utility in bloodstream infections and meningitis,9,10 bloodstream infections,11 meningitis, and encephalitis.12 However, at 
present, there are still relatively few studies on the efficacy of mNGS in BALF for the diagnosis of PTB.

To address this gap, we conducted a retrospective comparative study evaluating the diagnostic efficacy of BALF 
mNGS against four traditional methods (sputum TB-DNA, sputum AFB smear, BALF AFB smear, and BALF TB-DNA) 
in suspected PTB patients. Our findings aim to clarify whether BALF mNGS can serve as a reliable adjunct or alternative 
to conventional approaches, particularly in early-stage or paucibacillary PTB cases.

Materials and Methods
Study Design
This study was a retrospective case-control study conducted at Wuming Hospital Affiliated with Guangxi Medical 
University from January 2021 to March 2024. A total of 102 consecutive patients with suspected pulmonary tuberculosis 
(PTB), presenting with clinical symptoms such as cough, night sweats, weight loss, and chest CT findings indicative of 
tuberculosis, were enrolled. Based on the following diagnostic criteria, patients were categorized into the PTB group (61 
cases) and the non-PTB control group (41 cases).

Individuals suspected of having tuberculosis (TB) must meet at least one of the following criteria: 1) a history of 
exposure to TB; 2) manifestations of TB infection, including cough, fever, night sweats, or weight loss, with extra-
pulmonary TB presenting its own set of symptoms; 3) radiological signs indicative of tuberculosis. The definitive clinical 
diagnostic criteria for tuberculosis comprise: 1) detection of pathogens, such as through acid-fast staining smears or 
culture of specimens; 2) imaging results and clinical signs that rule out alternative conditions while confirming 
histopathological evidence of tuberculosis lesions; 3) a notable reduction or complete resolution of tuberculosis 
symptoms after three months of anti-tuberculosis treatment.

Patient Recruitment and Data Collection
Patient sociodemographic and clinical data were extracted from electronic medical records, including age, sex, body 
mass index (BMI), comorbidities (eg, diabetes), and laboratory results. Data anonymization was performed to ensure 
confidentiality. Ethical approval was obtained from the Institutional Review Board of Wuming Hospital (No. WM- 
2022(068)), and informed consent was waived due to the retrospective nature of the study.

Sample Collection and Processing
Sputum specimens were collected from patients in a well-ventilated, isolated room to minimize aerosol transmission 
risks. After overnight fasting and oral rinsing with water, patients were instructed to cough deeply to expectorate lower 
respiratory tract sputum, avoiding contamination with saliva or food residues. A minimum volume of 2 mL was collected 
into sterile containers, immediately transported to the laboratory, and stored at 2–8°C for processing within 5 days. 
Purulent or caseous portions were prioritized for testing; saliva-dominated samples were rejected. For quality control, 
sputum was liquefied with 4% NaOH (1:1–2 volume ratio), vortexed for 30 seconds, and incubated at room temperature 
for 15 minutes before further analysis.
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BALF was obtained via bronchoscopy under local anesthesia. The bronchoscope was advanced to the target lung 
segment (typically the lobe with significant radiographic abnormalities), followed by the instillation of 20–50 mL sterile 
37°C saline. Fluid was immediately aspirated under 50–100 mmHg negative pressure, achieving a minimum recovery 
rate of ≥40%. The aspirate was filtered through double-layered sterile gauze, centrifuged (3000 ×g, 15 minutes), and the 
pellet was either processed immediately or stored at −80°C/liquid nitrogen. Strict aseptic techniques were maintained 
throughout to prevent contamination by upper respiratory flora.

Laboratory Testing Methods
Acid-Fast Bacilli (AFB) Smear Microscopy: Sputum or BALF pellets were smeared onto frosted glass slides (10×20 mm 
oval area) and air-dried. Slides were heat-fixed and stained using the Ziehl-Neelsen method: carbol fuchsin was applied, 
heated to steaming for 5 minutes, rinsed, decolorized with 5% hydrochloric acid-alcohol until colorless, and counterstained 
with 0.06% methylene blue for 30 seconds. Stained slides were examined under 100× oil immersion microscopy. Acid-fast 
bacilli appeared as bright red rods against a blue background. Results were graded as 1+ (1–8 bacilli/300 fields), 2+ (1–9 
bacilli/100 fields), 3+ (1–9 bacilli/10 fields), or 4+ (≥10 bacilli/1 field).

Mycobacterium tuberculosis DNA Detection (TB-DNA): DNA was extracted from sputum or BALF pellets (200 μL) 
using a magnetic bead-based kit (eg, QIAamp DNA Mini Kit). PCR amplification targeted MTB-specific sequences 
(IS6110 or 16S rRNA) with TaqMan probes. Reactions included initial denaturation (95°C, 5 minutes), followed by 45 
cycles of denaturation (95°C, 15 seconds) and annealing/extension (60°C, 60 seconds). Results were interpreted using Ct 
values: ≤38 indicated positivity, >38 negativity. Internal controls (negative/positive) were included to ensure assay validity.

Bronchoalveolar Lavage Fluid Metagenomic Next-Generation Sequencing (BALF mNGS): Total DNA was extracted 
from BALF pellets via mechanical lysis (glass bead vortexing) and proteinase K digestion. Libraries were prepared by 
fragmenting DNA (Covaris ultrasonication), end-repairing, adapter ligation, and PCR amplification (Illumina-compatible 
primers). Sequencing was performed on the Illumina NovaSeq 6000 platform (2×150 bp), generating ≥20 million reads per 
sample. The bioinformatics analysis included human sequence removal (alignment to GRCh38) and microbial identification 
(NCBI NT/NR databases). MTB was confirmed if ≥3 unique reads were mapped to MTB-specific regions with ≥1% genome 
coverage. Strict contamination controls (negative: sterile water; positive: MTB H37Rv) were enforced.

Statistical Analysis
Data analysis was performed using SPSS 23.0 statistical software. Measurement data were expressed as mean ± standard 
deviation; count data were expressed as rates. The chi-square test was used for inter-group comparisons. For pairwise 
comparisons of multiple groups of rates, the Bonferroni method was used for correction. The significance level was set as 
the original level divided by the number of comparisons, and a P < 0.0125 was considered statistically significant. The 
Kappa test was used to evaluate the consistency between the results of BALF mNGS, sputum TB - DNA, BALF TB- 
DNA, AFB smear in sputum, AFB search in BALF in the diagnosis of PTB and the clinical diagnosis results. A Kappa 
value < 0.4 indicated poor consistency, a value between 0.4 and less than 0.75 indicated moderate consistency, and ≥0.75 
indicated good consistency. A P < 0.05 was considered statistically significant.

This study adopted a case-control group design. First, the research subjects were divided into the experimental group and the 
control group according to the diagnosis. The general data of the two groups were compared, and the value of BALF mNGS, 
BALF TB-DNA, sputum TB-DNA, AFB smear in sputum, and AFB search in BALF in the diagnosis of PTB was calculated and 
analyzed. Taking the clinical diagnosis result as the gold standard, the value of BALF mNGS, BALF TB-DNA, sputum TB- 
DNA, AFB smear in sputum, and AFB search in BALF in the diagnosis of PTB was analyzed. Sensitivity = (number of true 
positive cases / (number of true positive + false negative cases)) × 100%; negative predictive value = (number of true negative 
cases / (number of false negative + true negative cases)) × 100%; accuracy = ((number of true positive + true negative cases) / 
total number of cases) × 100%; positive predictive value = (number of true positive cases / (number of true positive + false 
positive cases)) × 100%; specificity = (number of true negative cases / (number of false positive + true negative cases)) × 100%. 
The consistency between the diagnosis results of BALF mNGS, BALF TB-DNA, sputum TB - DNA, AFB smear in sputum, and 
AFB search in BALF in PTB and the clinical diagnosis results were analyzed.
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Results
Patient Characteristics
Among the 61 patients in the PTB group, the mean age was 58.9 ± 2.1 years, and males accounted for 67.21%. Among 
the 41 non-PTB patients, the average age was 55.12 ± 3.00 years old, and males accounted for 68.30%. The body mass 
index (BMI) in the PTB group was 19.90 ± 0.37 (kg/m²), which was significantly lower than that in the non -PTB group, 
and the difference was statistically significant (P < 0.05). The proportion of patients with PTB complicated with diabetes 
was higher than that in the non - PTB group, and the difference was statistically significant (P < 0.05). Among them, the 
BMI of the PTB patients complicated with diabetes was 21.49 ± 0.84 (kg/m²), while the BMI of the PTB patients without 
diabetes was 19.24 ± 0.51 (kg/m²)(Table 1).

Diagnostic Results of Different Detection Methods
When BALF mNGS was utilized for the diagnosis of PTB, among the 61 PTB patients, 46 showed positive test results; 
among the 41 non - PTB patients, 36 had negative test results (Table 2).

In the case of using sputum TB-DNA to diagnose PTB, among 50 PTB patients, 19 had positive test results, and 
among 36 non - PTB patients, 35 had negative test results (Table 3).

When a sputum smear for AFB was employed for the diagnosis of PTB, among 60 PTB patients, 25 had positive test 
results, and among 41 non - PTB patients, 41 had negative test results (Table 4).

Table 1 Comparison of General Conditions of Patients

PTB (n=61) Non-PTB (n=41) P-value

Age(years) 58.92±2.10 55.12±3.00 0.287
Sex, n(%) 0.090

Male 41(67.21%) 28(68.30%)

Female 20(32.79%) 13(31.70%)
BMI (kg/m²) 19.90±0.37 21.68±0.56 0.007

Hypertension, n (%) 10(16.40%) 9(21.95%) 0.48

Diabetes, n (%) 9(14.75%) 0 (0) 0.026

Notes: Mean ± SD for continuous variables: the P-value was calculated by two- 
sample independent t-test; (%) for categorical variables: the P value was calculated by 
chi-square test.

Table 2 Diagnostic Results of BALF mNGS

BALF mNGS Clinical Diagnosis Results Total

+ –

+ 46 5 51

– 15 36 51
Total 61 41 102

Note: **+**Positive result; **-**Negative result.

Table 3 Diagnosis Results of Using Sputum TB - DNA

Sputum TB - DNA Clinical Diagnosis Results Total

+ -

+ 19 1 20

- 31 35 66

Total 50 36 86

Notes: **+**Positive result; **-**Negative result. *Among the 102 patients, 
16 patients were not tested for using sputum TB - DNA.
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When AFB in BALF was adopted for the diagnosis of PTB, among 59 PTB patients, 19 had positive test results, and 
among 40 non - PTB patients, 39 had negative test results (Table 5).

When TB-DNA in BALF was adopted for the diagnosis of PTB, among 27 PTB patients, 20 had positive test results, 
and among 36 non - PTB patients, 33 had negative test results (Table 6).

Comparison of the Diagnostic Value of BALF mNGS and Other Detection Methods in 
the Diagnosis of Pulmonary Tuberculosis
This study evaluated the performance metrics of BALF mNGS in the diagnosis of PTB. The results demonstrated that its 
sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were 75.41% (46/61), 87.80% (36/41), 
90.20% (46/51), 70.59% (36/51), and 80.39% (82/102), respectively. Compared to other diagnostic methods, the accuracy of 
BALF mNGS (80.39%) was second only to BALF TB-DNA (84.13%) and significantly higher than other methods (P < 0.0125). 
In terms of sensitivity, BALF mNGS (75.41%) was significantly higher than sputum TB-DNA (38.00%), sputum smear AFB 
(41.67%), and BALF smear AFB (41.50%) (P < 0.0125). In terms of specificity and PPV, there was no statistically significant 
difference between BALF mNGS (87.80%) and the other four diagnostic methods (P > 0.0125). For negative predictive value, 
BALF mNGS (70.59%) was higher than sputum TB-DNA (53.03%), sputum smear (53.95%), and BALF smear (54.17%) but 
lower than BALF TB-DNA (82.53%) (P < 0.0125). Furthermore, BALF mNGS (Kappa = 0.608, P < 0.001) and BALF TB-DNA 
(Kappa = 0.670, P < 0.001) showed good agreement with clinical diagnostic results in PTB diagnosis, indicating that both 
methods have high reliability in PTB diagnosis (Table 7).

Table 4 Diagnostic Results of Sputum Smear for AFB

Sputum Smear  
for AFB

Clinical Diagnosis Results Total

+ –

+ 25 0 25

– 35 41 76

Total 60 41 101

Notes: **+**Positive result; **-**Negative result. *Among the 102 
patients, 1 patients were not tested for AFB in sputum smear.

Table 5 Diagnosis Results of AFB in BALF

AFB in BALF Clinical Diagnosis Results Total

+ –

+ 19 1 20
– 40 39 72

Total 59 40 99

Notes: **+**Positive result; **-**Negative result. *Among the 102 
patients, 3 patients were not tested for AFB in BALF.

Table 6 Diagnosis Results of Using BALF TB - DNA

BALF TB - DNA Clinical Diagnosis Results Total

+ -

+ 20 3 23

- 7 33 40

Total 50 36 63

Notes: **+**: Positive result; **-**Negative result. *Among the 102 
patients, 39 patients were not tested for using BALF TB - DNA.
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Discussion
This study aimed to evaluate the diagnostic value of BALF mNGS in the early diagnosis of PTB. The results demonstrated that 
BALF mNGS exhibited significantly higher sensitivity and accuracy in diagnosing PTB compared to sputum TB-DNA, sputum 
AFB smear, and BALF AFB smear, although no significant difference was observed when compared to BALF TB-DNA. In 
terms of NPV, BALF mNGS was significantly lower than BALF TB-DNA but still outperformed the other three diagnostic 
methods. Furthermore, both BALF mNGS (Kappa = 0.608, P < 0.001) and BALF TB-DNA (Kappa = 0.670, P < 0.001) showed 
good agreement with clinical diagnosis, indicating their high reliability in PTB diagnosis.

China is a country with a high burden of TB globally. According to the WHO Global TB Report 2022, although the 
epidemic has declined in recent years, China has a large population base. The diagnosis and effective treatment of early- 
stage TB cases are crucial for TB control.13,14 Delayed diagnosis and treatment of TB cases can spread the disease in the 
community, increase the severity of the disease, and are associated with a higher risk of death.15,16 Currently, the 
diagnosis of active PTB is mainly based on a comprehensive assessment of the patient’s clinical symptoms and signs, 
chest CT examination, immunology, etiology, and other indicators.17,18

With the development of molecular biology techniques, the use of BALF mNGS to detect pathogens in pulmonary 
infections has gradually become more widely applied and has gradually shown its advantages. This study confirms that 
the sensitivity (75.41%) and accuracy (80.39%) of BALF mNGS in the diagnosis of PTB are significantly higher than 
those of sputum TB-DNA (38.00%; 53.03%), AFB smear (41.67%; 58.82%), and BALF AFB detection (41.50%; 
54.17%), which was similar to the studies by Zhou’s team and Shi’s team.19,20 Compared to conventional diagnostic 
approaches, mNGS demonstrates a substantial reduction in the risk of false-negative results, particularly in cases such as 
PTB where sputum smears yield negative results but cultures are positive.21 This is achieved through the unbiased 
capture of all nucleic acid sequences within the sample. Furthermore, mNGS effectively mitigates false-positive out-
comes attributed to non-specific amplification by leveraging its high-resolution sequencing capabilities. This dual 
advantage underscores the enhanced diagnostic reliability of mNGS in clinical settings, offering a more robust and 
accurate approach to pathogen detection. Its high sensitivity is particularly suitable for diagnosing early-stage infections 
or patients with low bacterial loads, while its high accuracy provides a reliable basis for clinical decision-making, 
especially in terms of precise medication and epidemic control. This, in turn, helps reduce the misuse of broad-spectrum 
antibiotics and the risk of drug resistance.22 Furthermore, the multi-pathogen detection capability of mNGS demonstrates 
its core value in immunocompromised patients or those with complex infections. Although there is no significant 
difference in sensitivity (75.41% vs 74.07%, P > 0.0125) or accuracy (80.39% vs 84.13%, P > 0.0125) between 
BALF mNGS and BALF TB-DNA, their technical characteristics and clinical applicability are fundamentally distinct. 
BALF TB-DNA, based on targeted PCR amplification of Mycobacterium tuberculosis (MTB)-specific genes such as 
IS6110 or 16S rRNA, offers high specificity (91.67%) and a rapid turnaround time (typically <6 hours), making it the 
preferred tool for rapid MTB diagnosis in resource-limited settings.23 Additionally, its reliance on live bacterial DNA 
reduces the risk of interference from environmental mycobacteria, particularly Mycobacterium gordonae. In contrast, 
BALF mNGS utilizes unbiased whole-genome sequencing, enabling the detection of MTB as well as the simultaneous 

Table 7 Comparison of the Value of Various Examination Methods for Diagnose PTB

Methods Sensitivity,%  
(n/N)

Specificity,%  
(n/N)

NPV,%  
(n/N)

PPV,%  
(n/N)

Accuracy,%  
(n/N)

Kappa P value

BALF mNGS 75.41(46/61) 87.80(36/41) 70.59(36/51) 90.20(46/51) 80.39(82/102) 0.608 <0.001

Sputum TB-DNA 38.00(19/50)a 97.33(35/36) 53.03(35/66)a 95.00(19/20) 62.79(54/86)a 0.315 <0.001

Sputum smear for AFB 41.67(25/60)a 100(41/41) 53.95(41/76)a 100(25/25) 65.34(66/101)a 0.360 <0.001
AFB in BALF 47.50(19/40)a 97.50(39/40) 54.17(39/72)a 95.00(19/20) 58.59(58/99)a 0.257 <0.001

BALF TB-DNA 74.07(20/27) 91.67(33/36) 82.53(33/40)a 87.00(20/23) 84.13(53/63) 0.670 <0.001

Χ2 value 25.159 9.232 14.363 5.491 20.240 – –
Pvalue <0.001 0.056 0.006 0.241 <0.001 – –

Notes: ^a Significant difference compared to BALF mNGS (P < 0.0125). “—”: Not applicable. 
Abbreviations: NPV, Negative Predictive Value; PPV, Positive Predictive Value.
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identification of co-infecting pathogens such as bacteria, fungi, and viruses.24 Its high sensitivity (75.41%) offers 
significant advantages in patients with poor-quality sputum or extremely low bacterial loads. BALF TB-DNA, however, 
cannot detect non-target pathogens or novel MTB variants, such as strains lacking IS6110, and only confirms the 
presence of MTB without providing drug resistance gene information, necessitating additional testing, such as Xpert 
MTB/RIF. However, the advantage of GeneXpert lies in its rapid detection of the Mycobacterium tuberculosis complex 
and rifampin resistance genes. Its targeted design, nevertheless, limits its ability to identify mixed infections or atypical 
strains. Notably, the diagnostic sensitivity of GeneXpert in BALF for PTB ranges from 70% to 80%,25,26 which is 
comparable to that of BALF mNGS (75.41%). In contrast, BALF mNGS, utilizing whole-genome sequencing technol-
ogy, enables simultaneous detection of MTB, co-existing pathogens, and drug resistance gene profiles, providing more 
comprehensive diagnostic and therapeutic information for complex cases. BALF mNGS may generate false-positive 
signals due to laboratory contamination, such as mycobacterial DNA from reagents or the operating environment, 
residual DNA from non-viable bacteria, or environmental commensal organisms.19 It relies on high-quality databases 
and algorithms to distinguish pathogenic bacteria from background microorganisms; otherwise, misinterpretation of 
results may occur. In summary, mNGS should be prioritized for broad-spectrum screening in cases of suspected mixed 
infections or immunocompromised patients. For cases where mNGS results are positive but lack sufficient clinical 
evidence, BALF TB-DNA can serve as a confirmatory tool. Additionally, the drug-resistance gene detection capability of 
mNGS can be leveraged to guide personalized treatment strategies.

The World Health Organization’s TB Report 2023 estimates that among the newly diagnosed TB patients worldwide 
in 2022, 2.2 million cases were attributed to malnutrition.3 In this study, the BMI of the PTB group was 19.90 ± 0.37 (kg/ 
m²), which was significantly lower than that of the non - PTB group. Moreover, the BMI of the PTB patients combined 
with diabetes was 21.49 ± 0.84 (kg/m²), lower than the overweight level. This result was similar to the study by Peng 
Lu.27 This phenomenon reminds us that when diabetic patients have a BMI level lower than the overweight state, 
attention should be paid to screening for tuberculosis infection. It also indicates that if PTB patients are not treated on 
time, they are prone to develop nutrition-related diseases, such as protein-energy malnutrition, drug-induced liver injury, 
immunodeficiency, and pulmonary infections, thereby increasing the risk of anti-tuberculosis treatment failure.28 Early 
diagnosis and treatment are of great importance in tuberculosis control.

Studies have found that25,26,29 the sensitivity of sputum smear acid-fast staining ranges from 8% to 55%. In this study, 
the sensitivity of sputum smear for AFB was 41.67% (25/60), which was also relatively low. This may be caused by 
multiple factors. For example, the quality of sputum specimens varies. If the patient’s sputum-expectoration method is 
incorrect or the sputum collection time is inappropriate, it may lead to an insufficient number of MTB in the specimens. 
Although the sensitivity of sputum smear AFB and BALF AFB tests is relatively low, their widespread clinical 
application makes such comparisons still meaningful in practice. The findings of this study demonstrate that BALF 
mNGS can effectively address the limitations of traditional methods, particularly in scenarios where high-quality sputum 
samples are difficult to obtain or when there is a need to rapidly rule out non-tuberculosis infections.

Compared with other detection methods, BALF mNGS has a relatively good consistency with the clinical diagnosis results 
in the diagnosis of PTB (Kappa = 0.608, P < 0.001). This further proves the reliability of BALF mNGS in the diagnosis of 
PTB. Its results are in good agreement with the comprehensive clinical diagnosis results and can provide strong diagnostic 
evidence for clinicians. However, other detection methods, such as sputum TB - DNA, sputum smear for AFB, and BALF for 
AFB detection, have relatively poor consistency with the clinical diagnosis results (lower Kappa values), which indicates that 
these methods have certain limitations in diagnostic accuracy and may not be able to provide accurate enough results during 
the diagnosis process of PTB. Given this, BALF mNGS is expected to become an important supplementary examination 
method for the early diagnosis of PTB, providing strong support for the early detection and accurate diagnosis of PTB.

This retrospective analysis in this study shows that although BALF mNGS has a relatively high diagnostic value in 
the early diagnosis of PTB has obvious advantages in terms of accuracy and sensitivity compared with traditional 
detection methods, and has a good consistency with clinical diagnosis results, this study has the limitation of a relatively 
small number of included cases. This limitation may affect the representativeness and stability of the research results and 
needs to be further improved in future research and clinical applications. For example, expanding the sample size for 
more in-depth research to further verify the value of BALF mNGS in the diagnosis of PTB. Meanwhile, this study did 
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not directly compare the diagnostic performance of BALF mNGS with GeneXpert MTB/RIF. Future research should 
expand the sample size and integrate molecular testing with drug resistance analysis to further clarify the clinical 
positioning of different technologies.

Conclusion
The study results show that BALF mNGS demonstrates relatively high accuracy and sensitivity in the early diagnosis of 
PTB, showing good diagnostic efficacy. Given the limitations of traditional detection methods, BALF mNGS may serve 
as a valuable adjunct for the early diagnosis of PTB, thereby increasing the early detection rate of PTB. To validate the 
findings of this study, larger-scale and more meticulously designed prospective studies are needed.
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