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Purpose: This study aimed to evaluate the efficacy of nanopore sequencing for diagnosing pulmonary tuberculosis (PTB) using
smear-negative clinical specimens.

Methods: We conducted a retrospective study based on a review of patient medical records to assess the accuracy of nanopore
sequencing as a diagnostic tool for smear-negative PTB. Compared with clinical diagnosis, we determined the sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV), and area under the curve (AUC) of nanopore sequencing.
Results: A total of 647 patients were evaluated. Nanopore sequencing demonstrated an overall sensitivity of 91.7%, specificity of
85.3%, PPV of 95.1%, NPV of 76.4%, and AUC of 0.88. Notably, the overall diagnostic accuracy of nanopore sequencing was
significantly higher than that of Mycobacterium tuberculosis (MTB) culture technique.

Conclusion: Nanopore sequencing exhibited satisfactory overall diagnostic accuracy for smear-negative PTB, regardless of MTB
culture status. Therefore, if conditions permit, nanopore sequencing is recommended as a diagnostic method for smear-negative PTB.
Keywords: nanopore sequencing, smear-negative specimens, pulmonary tuberculosis, diagnostic accuracy

Introduction

Tuberculosis (TB) is a highly contagious disease caused by Mycobacterium tuberculosis (MTB), which continues to pose
threats in the field of global health, as indicated by recent statistical data.' In 2022, 10.6 million new TB diagnoses and
1.3 million TB deaths were recorded worldwide.! Consequently, TB ranked among the top 10 causes of death attributed
to a single infectious disease.” The most prevalent form of TB is pulmonary TB (PTB), accounting for approximately 70—
85% of all TB cases.” PTB serves as the primary source of TB transmission.* Therefore, controlling the source of
infection is crucial for reducing the spread of TB. Effective detection and treatment of PTB are key for controlling the
source of infection effectively.

Acid-fast bacilli (AFB) smear is the most widely used clinical method for diagnosing PTB.> However, it exhibits low
sensitivity, indicating that a large proportion of patients present with a negative AFB smear.® Smear-negative PTB cases
are easily overlooked, resulting in PTB transmission.” Improving the diagnostic accuracy of PTB using smear-negative
clinical specimens remains a major challenge. Although MTB culture technique is essential for PTB diagnosis, it requires
a long time and cannot facilitate early diagnosis.” Moreover, smear-negative PTB specimens may exhibit lower MTB
content than smear-positive PTB specimens, resulting in a reduced culture positivity rate.® Consequently, relying solely
on MTB culture technique for diagnosing smear-negative PTB may have limited efficacy.’

The development of molecular diagnostic techniques in recent years has led to significant advancements in the rapid
diagnosis of infectious diseases, including TB.'*!'" Xpert MTB/RIF is the most widely used molecular test for rapid diagnosis
of TB recommended by the World Health Organization, also in China.'? However, its accuracy in paucibacillary TB diagnosis
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still needs to be further improved.'® Genetic sequencing is widely used in the field of infectious diseases and offers unique
advantages for the rapid diagnosis of TB.'*'* The utilization of next-generation sequencing (NGS) in TB has demonstrated
remarkable diagnostic efficacy, thereby greatly improving TB diagnosis.'> Nanopore sequencing is a unique and scalable
technology that monitors changes in the current of nucleic acids as they pass through nanopore proteins. The resulting signal is
decoded to provide specific DNA or RNA sequences.'® Nanopore sequencing offers portability, real-time analysis, and long
read lengths compared with other NGS techniques.'”'® Its ability to directly detect and decode genetic material with high
accuracy and efficiency will undoubtedly revolutionize various fields of research and significantly contribute to advancements
in personalized medicine and molecular biology. Its application in rapid TB diagnosis is gradually increasing and has
demonstrated excellent performance, particularly in PTB, the most common form of TB.'**' However, studies evaluating
its diagnostic accuracy for smear-negative PTB in specimens with low bacterial content are lacking. Therefore, this study
aimed to assess the efficacy of nanopore sequencing for diagnosing PTB using smear-negative clinical specimens.

Materials and Methods

Study Design

This retrospective study was conducted at a TB diagnosis and treatment center in Zhejiang Province, China, from
October 2021 to October 2022. This study included patients who were hospitalized at our center and had suspected PTB
with negative-smear specimens. The index test was nanopore sequencing, and the control test was MTB culture technique.
The measured outcomes included sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV),
and area under the curve (AUC) of the relevant test for diagnosing smear-negative PTB.

To identify patients with suspected smear-negative PTB, a set of criteria was followed: a) the presence of symptoms such
as cough, fever, and other related clinical indications; b) imaging tests conducted to detect signs of pneumonia, tree-in-bud
patterns, and cavity formation; c) positive tuberculin purified protein derivative (PPD) test and/or TSPOT.TB; d) negative
AFB smear test in clinical specimens; and e) no other confirmed pathogenic microbial infections. The inclusion criteria were
patients of any age with suspected smear-negative PTB who had undergone both nanopore sequencing and MTB culture
technique using clinical respiratory specimens. Exclusion criteria included patients who did not undergo both tests or lacked
complete information despite undergoing relevant tests. In this study, clinical specimens referred to fresh sputum and
bronchoalveolar lavage fluid (BALF) samples. Sputum was obtained through spontaneous excretion, and BALF was collected
via fiberoptic bronchoscopy after the lavage of lung lesions. The study protocol was approved by the Ethics Committee of
Hangzhou Red Cross Hospital (2022—-039); it is in accordance with the guidelines of Declaration of Helsinki. This is
a retrospective study conducted on already available data and will not have any impact on patients; therefore, our ethics
committee waived informed consent from patients.

Based on the Health Industry Standard of the People’s Republic of China - Diagnosis for pulmonary tuberculosis (WS
288-2017),' we categorized all suspected smear-negative PTB into three groups:

Group A (confirmed PTB): Positive MTB culture in clinical specimens. In this study, it refers to smear-negative and
culture-positive PTB.

Group B (probable PTB): Negative MTB culture, positive TB-related symptoms and imaging results, positive
PPD regardless of TSPOT.TB, positive results of other nucleic acid amplification tests (such as Xpert MTB/RIF),
and favorable response to aggressive anti-TB treatment. In this study, it refers to smear- and culture-negative PTB.

Group C (non-PTB): No evidence of TB-related disease, confirmed diagnosis of other infectious diseases, disease
improvement without anti-TB treatment, or ineffective response to anti-TB treatment.

Groups A and B represented clinical diagnosis of PTB cases and received anti-TB treatment. Two investigators
independently classified the patients based on retrospectively obtained patient information. In case of disagreement,
a third investigator participated in the discussion to determine the final grouping.

Diagnostic Specimen Collection and Handling
We collected fresh sputum or bronchoalveolar lavage fluid (BALF) for relevant tests before diagnosis. Sputum was the
first sputum after gargling in the early morning, and BALF was obtained by fiberoptic bronchoscopy irrigation of the
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lung lesion site. Each sample was divided equally for MTB culture and nanopore sequencing. Fresh specimens were
obtained and placed in a 4°C incubator and used directly in the assays within 6 hours.

MTB Culture Technique

For MTB culture technique, a freshly collected sample (1 mL) was utilized. Preparation of clinical specimens involved
digestion and decontamination, which was performed using N-acetyl-1-cysteine—NaOH. The samples were decontami-
nated with an equal amount of 4% N-acetyl-l-cysteine—NaOH pretreatment solution for 15-20 minutes at room
temperature. Phosphate buffer saline was added to the decontaminated specimen and then centrifuged at 3500 g for
15-20 minutes, the supernatant was discarded and the precipitate was retained.”? Then, the retained specimens were
inoculated into two different growth media: Lowenstein—Jensen solid medium and BACTEC MGIT 960 liquid medium
(BD Diagnostic Systems in Sparks, MD). Each MGIT tube was supplemented with 0.8 mL PANTA. Subsequently, the
samples were incubated at an optimal temperature of 35°C—37°C.'? All tubes were incubated until flagging positive.

Nanopore Sequencing

Nanopore sequencing of sputum and BALF samples involved several steps. First, sputum samples were liquefied in
NaOH solution and then centrifuged to remove the supernatant. The resulting pellet was washed with phosphate-buffered
saline and was resuspended in a lysis solution. Similarly, BALF samples underwent centrifugation and resuspension.
Both samples were then physically ground with grinding beads, and lysozyme solution was added to facilitate further
lysis. DNA was subsequently extracted from the lysates using a QIAamp DNA Microbiome Kit (Cat. No. 51707, Qiagen,
Hilden, Germany). Polymerase chain reaction (PCR) amplification was performed using specific primers (Rpo5’ [5’-
TCAAGGAGAAGCGCTACGA-3’] and Rpo3’ [5-GGATGTTGATCAGGGTCTGC-3’]) targeting the rpoB gene of
Mycobacterium spp. PCR was performed based on the touchdown method.?* Starting with a high-temperature denatura-
tion step and gradually decreasing the annealing temperature to facilitate effective amplification. The steps included
denaturation at 98°C for 3 min, followed by six cycles of amplification at 95°C for 15s, annealing at 66°C for 60s (with
a decrease of 1°C per cycle), and elongation at 72°C for 30s. After the initial 6 cycles, the annealing temperature was
lowered to 61°C for the remaining 29 cycles. Finally, an extension step was performed at 72°C for 5 min.

After purifying and labeling the amplified product using barcode technology, it was sequenced using the Gridl[ON
platform (Oxford Nanopore Technologies). Amplified nucleic acid samples were added to the sample cassette and
inserted into the GridION platform for fully automated sequencing according to the platform instrument instructions.'”
The MinKnow v3.6.5 software developed by Oxford Nanopore Technologies was utilized to gather the real-time
sequencing data.'® The paired raw sequencing reads were initially subjected to a quality filtration process to eliminate
any low-quality data. The quality of sequencing data was evaluated in terms of the length of reads, coverage of target
genes, and depth of sequencing. Following this, further analysis was performed on the high-quality reads. During the
subsequent analysis, any sequenced fragments shorter than 200 base pairs (bp) were excluded from the dataset to ensure
the reliability and accuracy of the sequencing results. The resulting sequences underwent alignment with reference
sequences of MTB (NC_000962.3) and Mycobacterium (txid 1763) using MiniMap 2 (Version 2.17) software.”* To
ensure the absence of contamination, host DNA reads were removed by aligning them with the human reference genome
(GRCh38). Overall, this process provided results within 48 h.

Data Processing and Statistical Analysis

To evaluate the accuracy of diagnostic methods used in this study, various statistical techniques were employed. Mean values,
quartiles, standard deviations, and true positive (TP), false positive (FP), false negative (FN), and true negative (TN) values
were calculated using IBM Corp.’s SPSS 24.0 software. Diagnostic accuracy indices, including sensitivity, specificity, PPV,
NPV, and AUC with 95% confidence intervals, were calculated using MedCalc Statistical v15.2.2 software. These calculations
relied on the four values of TP, FP, FN, and TN. Paired data were analyzed using McNemar’s test, whereas chi-square or
Fisher’s exact tests were used to compare two ratios. Differences between two AUC values were compared using the Z-test.
p-values of <0.05 were considered to indicate statistical significance for all tests.
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Results

During the study period, 670 patients with smear-negative PTB underwent nanopore sequencing. However, 23 patients
were excluded from the analysis due to incomplete data, such as missing MTB culture results. Therefore, the final sample
size was 647, which met the inclusion criteria outlined in the study protocol. The screening process and diagnostic
classification of the included patients are illustrated in Figure 1.

The average age of the patients was 49.5 + 18.6 years, with males accounting for 57.3% (371/647) of the cases.
Among the included patients, PTB was diagnosed in 491 patients, of whom 160 patients had confirmed PTB (smear-
negative and culture-positive), 331 patients had probable PTB (smear-negative and culture-negative), and 156 patients
had non-PTB. A total of 160 patients tested positive for MTB culture, whereas 473 patients showed positive nanopore
sequencing results. The overlap and distribution of positive results between these two tests and the resulting diagnosis of
PTB are shown in Figure 2. The nanopore sequencing reads ranged from 1 to 125,840, with most patients having reads in
the range of 1-7000 (Figure 3). The average length of reads ranged from 2001 to 2956bp. The coverage of target gene
ranged from 95.1% to 100%, and the depths of sequencing ranged from 402X to 1199X. No cases of HIV infection were
identified in this study.

Among the 160 confirmed PTB cases, all patients tested positive for MTB culture, whereas 152 cases were identified
via nanopore sequencing. Among the 331 probable PTB cases, no patients tested positive for MTB culture, but 298
patients showed positive nanopore sequencing results. In the non-PTB group, 23 patients tested positive for nanopore
sequencing, with read counts ranging from 1 to 19. Notably, these patients had no other evidence of TB infection, showed
disease improvement without anti-TB treatment, and exhibited no recurrence of lesions during follow-up. The average
number of reads obtained via nanopore sequencing in the PTB group was significantly higher than that in the non-PTB
group (P < 0.001). The difference in read counts is presented in Figure 4.

Patients with suspected smear-negative PTB
n=670
!
Missing MTB culture results n = 18
Loss of follow-up n=5

l

Included in the study

n =647
Group A Group B Group C
n=160 n=331 n=156

Positive culture Negative culture Positive culture Negative culture Positive culture | | Negative culture
n=160 n=0 n=0 n=331 n=0 n=156
v ] v ! v ]
Positive NS Positive NS Positive NS Positive NS Positive NS Positive NS
n=152 n=0 n=0 n=298 n=0 n=23
Negative NS Negative NS Negative NS Negative NS Negative NS Negative NS
n=8 n=0 n=0 n=33 n=0 n=133

Figure | Inclusion of patient screening process and diagnostic classification.
Abbreviations: PTB, pulmonary tuberculosis; MTB, Mycobacterium tuberculosis; NS, nanopore sequencing.

676 hetps: Infection and Drug Resistance 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yu et al

23
33 298
8 152
0 0
Size of each list
D 491
3
j=1
® 2455
@
N
o
0 >
Clinical diagnosis Culture

Nanopore sequencing

Figure 2 The distribution and overlap of positive results for the nanopore sequencing and tuberculosis culture technique in the clinical diagnosis of pulmonary tuberculosis.
The green circle represents the positive results of clinical diagnosis, the area outside of the circle represents negative results of clinical diagnosis.

Comparison of the Diagnostic Efficacy of Culture Technique and Nanopore Sequencing
The diagnostic accuracy of culture technique and nanopore sequencing for cases of total PTB, confirmed PTB, and probable
PTB is presented in Table 1. In case of total PTB, culture technique exhibited significantly lower sensitivity and NPV than
nanopore sequencing, resulting in a significantly lower overall diagnostic accuracy than that of nanopore sequencing (P <
0.001, Table 1). For confirmed PTB, which refers to smear-negative and culture-positive PTB, culture technique served as the
gold standard for diagnosis and demonstrated the highest diagnostic efficacy, and nanopore sequencing also achieved good
diagnostic accuracy. In case of probable PTB, which refers to smear- and culture-negative PTB, culture technique was
ineffective for diagnosis, whereas nanopore sequencing maintained good diagnostic accuracy, significantly outperforming
culture technique (P <0.001, Table 1). The diagnostic accuracy of nanopore sequencing in confirmed and probable PTB cases
was comparable, with no significant difference between them (P > 0.05, Table 1).

Discussion

Smear-negative PTB represents an important source of infection in TB transmission, and its significance should not be
overlooked despite the low bacterial content in clinical specimens.*’ Patients with smear-negative PTB often present with
symptoms similar to those with smear-positive PTB, such as coughing and difficulty breathing, but may not test positive
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Figure 4 The distribution and comparison of reads for pulmonary tuberculosis and non-pulmonary tuberculosis of positive nanopore sequencing patients.

for TB bacteria until the later stages of the disease.”® This delay in diagnosis and treatment increases the risk of
transmission to others and leaves patients susceptible to ongoing infection.?® Therefore, the effective detection of smear-
negative PTB is crucial for providing timely treatment and implementing appropriate protective measures, playing a vital

role in TB control.
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Table | Diagnostic Accuracy of Nanopore Sequencing and Tuberculosis Culture Technique for Pulmonary Tuberculosis Using Smear-
Negative Clinical Specimens

Patient Group PTB | Non- | Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC
PTB
Total PTB
Nanopore + | 450 23 91.7 (88.8-93.4) 85.3 (78.7-90.4) 95.1 (92.8-96.9) 76.4 (69.4-82.5) 0.88 (0.86-0.91)
sequencing 4 133
Culture + | 160 0 32.6 (28.5-36.9) 100.0 (97.7-100.0) | 100.0 (97.7-100.0) | 32.0 (27.9-36.4) 0.66 (0.63-0.70)*
- | 331 156

Confirmed PTB, also called culture-positive PTB

Nanopore + | 152 23 95.0 (90.4-97.8) 85.3 (78.7-90.4) 86.9 (80.9-91.5) 94.3 (89.1-97.5) 0.90 (0.86-0.93)

sequencing s 133

Culture + | 160 0 100.0 (97.7-100.0) | 100.0 (97.7-100.0) | 100.0 (97.7-100.0) | 100.0 (97.7-100.0) | 1.00 (0.99-1.00)
-10 156

Probable PTB, also called culture- negative PTB

Nanopore + | 298 23 90.0 (86.3-93.0) 85.3 (78.7-90.4) 92.8 (89.4-95.4) 80.1 (73.2-85.9) 0.88 (0.84-0.90)°

sequencing s 133

Culture + |0 0 0.0 (0.0-1.1) 100.0 (97.7-100.0) | ND 32.0 (27.9-36.4) 0.50 (0.45-0.55)°
- | 331 156

Notes: Comparison of the diagnostic accuracy of nanopore sequencing and culture, *P < 0.001, °P < 0.001, and comparison of the diagnostic accuracy of nanopore
sequencing in confirmed and probable PTB, P = 0.352.
Abbreviations: PTB, pulmonary tuberculosis; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the curve; ND, not determined.

Despite advancements in medical technology, the early detection of smear-negative PTB remains a major challenge.?’
Traditional AFB smear, which relies on the presence of AFB in samples, is not effective for the rapid diagnosis of smear-
negative PTB. MTB culture technique, on the other hand, is an essential diagnostic tool for PTB. However, its main
limitation is the long duration required to obtain results, often spanning several weeks.”® This delay is problematic
because rapid identification and treatment of PTB are vital for preventing the spread of the disease.

The delay in diagnosis caused by relying solely on culture technique can result in the worsening of lung disease and
increased exposure of individuals to infection. Furthermore, smear-negative PTB is usually considered as paucibacillary
TB,* the MTB load in smear-negative PTB specimens is lower than that in smear-positive PTB specimens; this lowers
the positive MTB culture rate of smear-negative PTB specimens, which is unfavorable for its diagnosis. For these
reasons, MTB culture is not a perfect reference standard in smear-negative PTB and can significantly reduce specificity.
Clinical diagnostic criteria include MTB culture, nucleic acid detection tests (such as Xpert), and other relevant results,
resulting in a comprehensive evaluation that is a more appropriate reference standard for paucibacillary TB,*° and
therefore clinical diagnosis was used as the gold standard in our study.

In this study, only 32.6% of all smear-negative PTB specimens tested positive for MTB culture. This result was

23132 which demonstrated the unsatisfactory sensitivity of this method for diagnosing

consistent with previous studies,
smear-negative PTB, regardless of its rate limitations. Additionally, 78% of patients with negative culture results were
ultimately diagnosed with PTB. These findings suggested that the MTB content in smear-negative PTB specimens is low
and that the traditional MTB assay has limitations in diagnosing smear-negative PTB. Therefore, there is an urgent need

to develop a more superior assay for accurate diagnosis.
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Molecular diagnostic technology is a popular method for diagnosing TB and has been extensively used for both PTB and
extra-pulmonary TB, showing great potential for widespread application.® In case of smear-negative PTB, molecular
diagnostic techniques play a crucial role in enhancing the diagnostic yield. However, the sensitivity of these molecular
techniques in smear-negative PTB remains relatively low.** Previous studies have reported sensitivities of 57.1% for Xpert
MTB/RIF and 53.4% for CapitalBio Mycobacterium RT-PCR for detecting smear-negative PTB,? indicating the need for
further improvement. Although the sensitivity of Xpert MTB/RIF ultra for smear-negative PTB has improved,”' it is still
unsatisfactory. Meanwhile in China Xpert ultra has not been universally applied except in a few large infectious disease
centers, limiting its application.

Nanopore sequencing is a highly effective molecular diagnostic test that has gained significant popularity in various fields,
including infectious diseases.>® It has emerged as a valuable tool for the rapid diagnosis of TB and drug susceptibility testing,
particularly for drug-resistant TB.*® Although nanopore sequencing plays a crucial role in the rapid diagnosis of PTB, there is
limited research focusing on its application in smear-negative PTB, particularly with large sample sizes. This study evaluated
the diagnostic efficacy of nanopore sequencing in smear-negative PTB using a larger sample size, thereby providing a more
robust and effective diagnostic tool for smear-negative PTB. In this study, targeted PCR amplification was performed on
specimens prior to nanopore sequencing to improve detection for paucibacillary TB. The PCR amplification was based on
rpoB. The ability of rpoB to efficiently amplify Mycobacterium spp. and perform strain identification has been fully evaluated
by previous studies.*” >’

Our evidence suggested that nanopore sequencing demonstrated a satisfactory ability to detect smear-negative PTB,
accurately identifying 91.3% of PTB cases. However, the results of this study were inferior to those of previous studies,'
which included a large number of smear-positive specimens. In contrast, our study focused solely on smear-negative specimens.
Consequently, the correlation of nanopore sequencing results with smear-positive specimens was found to be superior to that with
smear-negative specimens. Despite the FP rate of 14.7% in non-PTB patients, the number of reads observed in FP results was
significantly lower than that observed in TP results. This suggested that when interpreting nanopore sequencing results, it was
important to consider not only the presence of positive results but also the number of obtained reads. A higher number of reads
corresponds to increased confidence in the results. The overall diagnostic accuracy of nanopore sequencing was significantly
superior to that of MTB culture technique. This could be attributed to the fact that nanopore sequencing detects specific fragments
of MTB DNA, regardless of bacterial viability, and utilizes PCR amplification, which can enhance detection. In contrast, culture
technique relies on the growth of intact live MTB, resulting in a limited positive rate.

In smear-negative and culture-positive PTB, nanopore sequencing demonstrated superior diagnostic efficacy, detect-
ing 95% of PTB cases, which was highly satisfactory. The number of patients with smear- and culture-negative PTB was
significantly larger due to the lower MTB load in these specimens, resulting in a lower culture positivity rate. Diagnosing
this type of PTB is even more challenging, and traditional detection methods remain ineffective.

In our study, nanopore sequencing achieved similar diagnostic efficacy in both smear-negative, culture-negative PTB
and in smear-negative, culture-positive PTB. This finding suggested that the impact of culture results on the performance
of nanopore sequencing is minimal. Overall, nanopore sequencing exhibited excellent diagnostic accuracy regardless of
the culture status, highlighting its applicability in the diagnosis of PTB.

The current study has several limitations. First, as a retrospective study, there is a possibility of selection bias in the
inclusion of patients, which may have affected the generalizability of the findings. Additionally, the data used in this
study were predominantly derived from areas with a high burden of TB, limiting its applicability to regions with different
TB burdens. Another limitation is that nanopore sequencing in this study does not include drug resistance results, which
is crucial for the diagnosis and treatment of TB. Furthermore, this study was focused primarily on the diagnosis of PTB
and did not include any data on non-TB mycobacteria, which is another significant cause of respiratory disease.
Therefore, the findings of this study should be interpreted considering these limitations.

Conclusion

The overall diagnostic accuracy of nanopore sequencing for smear-negative PTB was satisfactory, regardless of the MTB
culture status. If conditions permit (availability of laboratories to perform nanopore sequencing and good financial status
of patients), nanopore sequencing is recommended as a diagnostic method for smear-negative PTB.
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