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Objective: Using TB-LAMP for diagnosing pediatric PTB, however, still requires systematic evaluation. Here, we evaluated TB-
LAMP performance alone and in combination with conventional assays for diagnosing PTB in Chinese children, using mycobacterial
culture or CCRS (the composite clinical reference standard) as references.
Design or Methods: BALF samples were collected at Shenyang Tenth People’s Hospital from 251 children susceptible to TB
infection with indications for fiberoptic bronchoscopy.
Results: When mycobacterial culture was the reference, TB-LAMP used alongside smear microscopy doubled sensitivity for
detecting pediatric PTB compared with smear microscopy alone (82.5% vs 40.0%). When CCRS was the reference, AFB microscopy,
MTB culture, and TB-LAMP had sensitivities of 16.5%, 30.1%, and 51.1%, respectively, and specificities of 98.2%, 100.0%, and
99.1%. Combining MTB culture with TB-LAMP gave a sensitivity of 61.1% and specificity of 96.6%. TB-LAMP identified 39.3%
and 43.2% of cases with negative MTB culture or AFB microscopy results.
Conclusion: TB-LAMP using BALF samples provided faster results, allowing early and accurate PTB diagnosis. Our findings
provide insights for optimizing diagnostic algorithms for pediatric PTB.
Keywords: child, pulmonary tuberculosis, diagnosis, loop-mediated isothermal amplification assay, bronchoalveolar lavage fluid

Introduction
Children with tuberculosis (TB) account for almost 12% of global tuberculosis cases and account for 14% of the total
deaths.1 In China and other countries with a heavy TB-burden, however, there is a huge gap between the total incidence
reported and cases estimated in the real world, mainly due to underdiagnosis and underreporting of TB cases. Timely and
accurate diagnosis of pediatric TB cases, therefore, would greatly help to minimize the TB infection rate. Effective
management of pediatric TB is held back by difficulties in microbiological confirmation as sample collection and low
bacterial load remain two formidable clinical challenges. Clinical diagnosis of TB in children generally depends on their
contact history, signs and symptoms, and radiography results, as microscopy and TB culture can only provide limited
auxiliary information.2 Acid-fast bacilli (AFB) microscopy and mycobacterial culture have been regarded as the gold
standard for TB diagnosis in recent decades.3 However, due to their low positive rates and delayed results,4,5 molecular
assays have attracted increasing clinical attention. Significant improvements have been made in the diagnosis of TB since
the WHO updated its recommendation to use the rapid test based on nucleic acid amplification test (NAAT) for TB not
only in adults but also children.6 More comparative research is required to validate NAAT in detecting pediatric
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pulmonary tuberculosis from pertinent samples. The loop-mediated isothermal amplification (LAMP) assay has been
developed as a novel technique for nucleic acid amplification.7 LAMP can amplify DNA with high specificity and
efficiency under isothermal conditions using six sets of primers that recognize eight distinct regions in the target
sequence, and diagnostic kits for TB using the LAMP method (TB-LAMP) are commercially available.8 TB-LAMP
results can be interpreted with the naked eyes, making it more suitable for application in developing countries where TB
is epidemic. Based on a worldwide multicenter study from 2012–2016, the World Health Organization (WHO) issued
policy guidance in July 2016, recommending TB-LAMP as an alternative to smear tests for diagnosing TB in adults or
for follow-up in smear-negative adults.9 According to the WHO report, when using culture-based standards as
a reference, the pooled sensitivity and specificity of TB-LAMP ranges from 74.1% to 78.0% and 98.2% to 98.9%,
respectively. A recent evaluation of the performance of TB-LAMP in pediatric pulmonary tuberculosis (PTB) patients
using sputum/gastric aspirate as the test specimen gave a sensitivity of 94.9% (95% CI, 85.9–98.9%), suggesting that TB-
LAMP may also be suitable for diagnosis of PTB in the pediatric population.10

Occasionally, when producing enough sputum for TB examination is difficult for children, alternative samples such as
bronchoalveolar lavage fluid (BALF), gastric aspirate (GA) and laryngeal swabs are warranted.11,12 Of these, BALF
samples tend to show a higher detection rate,13 but to date, there are no systemic evaluations of the performance of TB-
LAMP using BALF as the test specimen for detecting PTB in children. Fiberoptic bronchoscopy is strongly indicated for
diagnosing space-occupying lesions such as caseous necrosis or regional swollen lymph nodes. Here, we recruited
children who needed fiberoptic bronchoscopy and collected BALF to test the performance of TB-LAMP either as
a substitute for smear microscopy or in combination with conventional tests, against mycobacterial culture as a reference.
In addition, we also evaluated our results against the composite clinical reference standard (CCRS) as a reference to
provide a more comprehensive evaluation of the test.

Methods
Study Setting and Study Population
This retrospective study was performed at Shenyang Tenth People’s Hospital and Shenyang Chest Hospital from
May 2020 to May 2021. Patients aged 18 years or younger were enrolled in the study if (1) they had symptoms of
suspected tuberculosis, including a cough for more than 2 weeks or gasping; (2) a chest X-ray consistent with pulmonary
TB; (3) they had indications to undergo fiberoptic bronchoscopy, such as dyspnea, obstructive pneumonia, localized
emphysema, or ambiguous imaging changes warranting further microbiologic confirmation; (4) informed consent for
fiberoptic bronchoscopy had been given. Children were excluded if they tested HIV positive or were taking anti-TB
medications, or informed consent had not been obtained.

We applied two standards as references (mycobacterial culture and CCRS) to evaluate the performance of all the tests.
Mycobacterial culture is the conventional gold standard for detecting M. tuberculosis and was applied in our study to
check the performance of TB-LAMP, smear microscopy or their combination. The CCRS involves the following 2 items:
(1) bacteriologically confirmed tuberculosis (positive for culture of MTB), (2) clinically diagnosed tuberculosis (clinical
symptoms indicating PTB), radiographic evidence consistent with tuberculosis, and at least 1 of the following: positive
tuberculin skin test or interferon release assay results, clinical and radiologic improvement seen after antituberculosis
chemotherapy, or confirmed TB exposure.14 Our study design is presented in Figure 1.

The study was approved (KYXM-2020-002-02) by the Medical Ethics Committee of Shenyang Chest Hospital. Hand-
written informed consent was obtained from the guardians of all patients included in the study and this study was
conducted in accordance with the Declaration of Helsinki.

Justification of Choosing BALF Over Expectorated Sputum for Evaluation of TB-LAMP
Our study compared the results of smear microscopy, liquid mycobacterial culture and TB-LAMP from expectorated
sputum and BALF, however, only 65 of the 243 patients included in the study were able to produce sputum, and so
BALF was collected from all 243 patients. A comparison was made between the two specimens for diagnosing PTB
using all three methods.

https://doi.org/10.2147/IDR.S354660

DovePress

Infection and Drug Resistance 2022:15976

Fan et al Dovepress

Powered by TCPDF (www.tcpdf.org)

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


Bronchoscopy Procedure, Specimen Collection and Handling
Bronchoscopy was performed on all patients by experienced infectious disease pediatricians in dedicated suites to collect
BALF. Children were fasted and deprived of water for 4–6 hours before bronchoalveolar lavage. All children were
anesthetized by local anesthesia, nebulized lidocaine was given for 30 minutes before bronchoscopy, and midazolam
0.3 mg/kg (maximum dose 10 mg) was given to the children during bronchoscopy. After successful induction of
anesthesia, the bronchoscope was operated by the method of entering the bronchoscope while anesthesia. Flexible
bronchoscopes with a 2.8 mm diameter (model XP-260F, Olympus Medical, Tokyo, Japan) or a 4.0 mm diameter (model
BF-P260F, Olympus Medical, Tokyo, Japan) were used. After inspecting all visible segmental or bronchial trees, samples
were collected from the lung segment or subsegment that showed abnormal lesions suggestive of active pulmonary TB
on chest CT. For BALF collection, 5–10 mL of sterile saline was instilled and aspirated from the lung segments involved.
Each specimen was quickly transported to the lab, where it was divided evenly into two portions for further detection.
One portion was used for smear microscopy and mycobacterial culture, and the other for TB-LAMP.

TB-LAMP Assay
The TB-LAMP assay was performed stringently according to the protocol proposed by WHO9 using Loop amp PURE
DNA extraction and Loop amp MTBC Detection kits (Eiken, Japan) according to the manufacturer’s instructions. 60 μL
BALF samples were added to heating tubes and incubated at 90°C for 5 min, after which samples were mixed with
absorbent powder by physical shaking until thoroughly mixed. 30 μL DNA solution was added to the reaction tube from

Figure 1 Selection of the study population.
Abbreviations: BALF, bronchoalveolar lavage fluid; S-M, smear-microscopy; TB-LAMP, Loop-mediated Isothermal Amplification Assay; CCRS, the composite clinical
reference standard.
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the Loop amp MTBC detection kit and reaction tubes were then placed into a turbidimeter at 67°C for at least 30 min.
Results were then observed with the help of ultraviolet fluorescence.

Smear Microscopy
0.05–0.1 mL sputum or BALF samples were collected for auramine O staining, after which light-emitting diode (LED)
microscopy was applied for bacterial inspection. Results are presented according to the guidelines.15

Mycobacterial Culture
In all, 2 mL of the sputum or BALF sample, together with 1–2 times the volume of 2% N-acetyl-L-cysteine NaOH-
Na citrate, was vortexed for 20 seconds before it was incubated for 15 minutes (room temperature). Phosphate-
buffered saline (PBS) buffer (pH = 6.8) was then added to a final volume of 45 mL and centrifuged at 3000 × g for 15
minutes at 4 °C. Afterward, the supernatant was discarded, and the pellet was resuspended with 1.5 mL of PBS.
Then, 0.5 mL of the final product was placed into MGIT 960 liquid culture tubes for incubation. After the instrument
automatically reported a positive culture, the culture was smeared for microscopy, and 0.1 mL of the Auramine O dye
was added for Ziehl–Neelsen staining, followed by fluorescence microscopy. If AFB were detected, the result was
considered true positive. If no AFB were found, the result was as negative. If the tube remained negative for 42 days,
this result was also defined as negative. All procedures were performed according to the instructions in the MGIT 960
manual.16

Statistical Analysis
The values of test sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV), and their
95% confidence intervals, were preliminarily calculated for smear microscopy, TB-LAMP or smear microscopy
accompanied by TB-LAMP using the Wilson score binomial method, taking bacterial culture as a reference
standard.17 The abovementioned parameters were then calculated a second time, taking clinical diagnosis as
a reference. Differences between two assays or their combination were assessed using one-way analysis of variance
(ANOVA). A P value (two-tailed) less than 0.05 was assumed to be statistically significant. All statistical analyses were
performed using SPSS 20.0 software and Excel 2010 software.

Results
Demographical Information on the Study Population
A total of 425 patients with symptoms potentially associated with PTB visited Shenyang Tenth People’s Hospital and
Shenyang Chest Hospital during the study period. Of these, 251 were children and fulfilled the criteria for enrollment,
but 8 children did not complete the TB-LAMP assay and were excluded from our study. Of the remaining 243 children,
133 (55.6%) had active PTB, and 110 (44.4%) did not (97 pneumonia, 3 nontuberculous mycobacterium lung disease, 1
lung cancer, 9 other lung conditions). For 235 children (96.7%), this was the first time they were suspected to have
PTB, while 8 children (3.3%) had previously been treated for TB. Forty of the 133 children with active TB were
culture-confirmed cases. Of the 243 children included, 121 (49.8%) subjects were under 14 [sub-groups: aged < 5
(n=8), 5–9 (n=27) and 10–14 years old (n=86)], and 122 (50.2%) were 15–18 years of age. The average age of
participants was 13.52±3.80 years, and ranged from 3 months to 18 years old. All 243 patients had received the Bacillus
Calmette–Guérin (BCG) vaccine. Demographics and clinical characteristics for the study population are shown in
Table 1.

Recommendations on BALF Over Expectorated Sputum for TB-LAMP
Sputum specimens could only be obtained from 65 of the 243 patients in the larger study. Of the 65 patients recruited, 34
were clinically diagnosed with PTB. BALF was chosen as the final specimen to complete the comparison between TB-
LAMP and conventional methods for diagnosing PTB as a there was a lower chance of detection M. tuberculosis
infection in expectorated sputum regardless of which detection tool was employed (Table 2).
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Performance of TB-LAMP and Smear Microscopy Using Culture as a Reference
The performance of TB-LAMP and smear microscopy for detecting M. tuberculosis infection in the 243 recruited
patients (40 culture-positive and 203 culture-negative patients) when mycobacterial culture was used as a reference is
presented in Table 3. TB-LAMP had significantly higher sensitivity (77.5 vs 40.0%, P<0.05) but lower specificity than
smear microscopy (81.8 vs 96.1%, P<0.05). When smear microscopy and LAMP were performed serially, the overall
sensitivity increased to 82.5% (33/40) against culture. The area under the curve (AUC) of the receiver operating
characteristic (ROC) curve for smear microscopy, TB-LAMP and the two tests performed in parallel was 0.680,
0.794, and 0.814, respectively (Figure 2). As 93 cases (69.9%) clinically diagnosed with TB were culture-negative,
using culture results as the sole reference may lack power for assessing the performance of TB-LAMP. Therefore, we
also used a clinical diagnostic framework to evaluate TB-LAMP performance.

Table 1 Clinical Characteristics of the Study Population
(n=243)

Variable No. (%)

Gender

- Male 108 (44.4)

- Female 135 (55.6)
Age (years old)

- ≤14 121 (49.8)

<5 8 (3.3)
5–9 27 (11.1)

10–14 86 (35.4)
- 15–18 122 (50.2)

Patient status

- In patients 235 (96.7)
- Outpatients 8 (3.3)

BCG vaccination 243 (100.0)

TB treatment history
-Previous TB treatment 8 (3.3)

-New TB treatment 235 (96.7)

Clinical diagnosis
- Pulmonary tuberculosis 133 (54.7)

- pneumonia 97 (39.9)

- NTM 3 (1.2)
- Lung cancer 1 (0.4)

- others 9 (3.7)

Abbreviations: BCG, Bacillus Calmette–Guérin; TB, tuberculosis; NTM,
nontuberculous mycobacterium lung disease.

Table 2 Comparison of BALF and Expectorated Sputum for Detecting Mycobacterium tuberculosis in Pediatric
Patients Using the Composite Clinical Reference Standard (CCRS) as a Reference

Number (%) of Childhood Pulmonary TB Patients (N = 34a) Correctly Diagnosed Using

Diagnostic assay BALF Sputum

Smear-microscopy 10 (29.4) 3 (8.8)

Culture 13 (38.2) 5 (14.7)
TB-LAMP 24 (70.6) 15 (44.1)

Note: a34 out of the 65 patients recruited were diagnosed with pulmonary TB.
Abbreviations: BALF, bronchoalveolar lavage fluid; TB, tuberculosis.
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Performance of TB-LAMP and Conventional Methods Using Clinical Diagnosis as
a Reference
Based on CCRS criteria, 133 of the 243 patients enrolled in the study had a positive PTB diagnosis and 110 a negative PTB
diagnosis, with 40, 24 and 69 cases of PTB being identified by mycobacterial culture, smear microscopy and TB-LAMP,

Table 3 Performance of Smear-Microscopy, TB-LAMP and Their Combination for Detecting M. tuberculosis Using Culture as
a Reference

Diagnostic Assay Performance Parameters [Mean Percentage (N/N), 95% CI]

Sensitivity Specificity PPV NPV

Single tests
Smear-microscopy 40.0% (16/40)

(25.3–56.6%)

96.1% (195/203)

(92.1–98.2%)

66.7% (16/24)

(44.7–83.6%)

89.0% (195/219)

(83.9–92.7%)

TB-LAMP 77.5% (31/40)
(61.1–88.6%)

81.8% (166/203)
(75.6–86.7%)

45.6% (31/68)
(33.6–58.1%)

94.9% (166/175)
(90.2–97.5%)

Two tests in parallela 82.5% (33/40)

(66.6–92.1%)

81.3% (165/203)

(75.1–86.3%)

46.5% (33/71)

(34.7–58.6%)

95.9% (165/172)

(91.5–98.2%)

Notes: aResults of smear-microscopy and TB-LAMP were combined. Negative results of both assays were considered as a “negative” and any positive was taken as
a “positive” for the combined assays.
Abbreviations: TB-LAMP, Loop-mediated Isothermal Amplification Assay; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.

Figure 2 Receiver operating characteristic (ROC) curves for determining the sensitivity and specificity of smear-microscopy, TB-LAMP and the two tests in parallel using
culture as a reference.
Abbreviation: TB-LAMP, Loop-mediated Isothermal Amplification Assay.
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respectively (Figure 3). Results from our assessment of the performance of TB-LAMP, mycobacterial culture and smear
microscopy alone or in combination for diagnosing PTB using clinical diagnosis as a reference are shown in Table 4. TB-
LAMP showed higher sensitivity (51.1%; 68/133) and specificity (99.1%; 109/110) as an independent test than smear
microscopy (sensitivity: 16.5%; 22/133 and specificity: 98.2%; 108/110) using CCRS as the reference standard. When smear
microscopy and LAMP were performed in parallel, the overall sensitivity and specificity were 53.4% (71/133) and 99.1% (109/
110) respectively. Simultaneous combination of TB-LAMP with smear microscopy improved sensitivities by 36.9% and 2.3%
compared to smear microscopy or TB-LAMP alone. The AUC of the ROC curve for smear microscopy, TB-LAMP and the two
tests in parallel was 0.574, 0.751 and 0.753, respectively (Figure 4).When culture and TB-LAMPwere performed in parallel, the
overall sensitivity and specificity were 57.9% (77/133) and 99.1% (109/110), respectively. Simultaneous combination of TB-
LAMP and culture improved sensitivities by 27.8% and 6.8% compared to culture or TB-LAMP alone. The AUC of the ROC
curve for culture, TB-LAMP and the two tests in parallel was 0.650, 0.751 and 0.785, respectively (Figure 5). Simultaneous
combination of TB-LAMP, culture and smear microscopy increased assay sensitivities by 42.1%, 28.5% and 7.5%, respectively,
compared with culture, smear microscopy or TB-LAMP alone. TB-LAMP detected 43.2% (48/11) and 39.8% (37/93) of the
cases determined to be positive using CCRS criteria that were smear-negative or mycobacterial culture-negative (Table 4).

Discussion
In this study, we conducted TB-LAMP and conventional laboratory tests on BALF specimens for diagnosing PTB in
Chinese children, and evaluated the performance of the tests in a rigorous and standardized manner, applying two
different reference standards to provide a more comprehensive evaluation. Findings indicated that BALF was better than
expectorated sputum for PTB detection in the context of our hospital and that TB-LAMP conducted using BALF was the
best single assay for PTB diagnosis due to its accuracy and simplicity. Combining TB-LAMP with smear-microscopy
provides an accurate early diagnostic tool for confirming PTB in children, and combining TB-LAMP with culture is the
best choice for clinical diagnosis. TB-LAMP was also a useful tool for diagnosing PTB in smear-negative or culture-
negative pediatric cases.

Though invasive, the diagnostic value of fiberoptic bronchoscopy is irreplaceable in children with dyspnea, obstruc-
tive pneumonia, and complicated pulmonary diseases.18 In our hospital, fiberoptic bronchoscopy is routinely scheduled
for children with suspicious PTB chest images. BALF specimens tend to have a high yield for isolating Mycobacterium
tuberculosis in children with severe airway obstruction.19 Although several types of samples, such as sputum, gastric
juice, urine, stool and BALF,20–22 can be used as TB test specimens, BALF is considered to be a reliable alternative to

Figure 3 Venn diagram showing results of different diagnostic tests on bronchoalveolar lavage fluid samples from children with suspected pulmonary tuberculosis (N = 243).
Abbreviation: TB-LAMP, Loop-mediated Isothermal Amplification Assay.
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sputum specimens, especially in sputum-free or sputum-scarce children.23 Here, 34 out of the 65 patients expectorated
sputum were diagnosed with pulmonary TB, we made a direct comparison between BALF and expectorated sputum in 34
pediatric TB patients. We found BALF gave positive rates of 29.4%, 38.2%, and 70.6% using smear microscopy,
mycobacterial culture, and TB-LAMP, respectively, and BALF was therefore considered a better choice for diagnosing
PTB than expectorated sputum.

In our retrospective study, 133 and 110 children with or without active TB children were enrolled, respectively. The
sensitivity of TB-LAMP for detecting PTB in bacteriologically confirmed TB and clinically diagnosed TB cases was
77.5% (31/40) and 51.1% (68/133), respectively. The specificity of TB-LAMP was high (99.1%, 109/110). Similar
findings have been reported by Sreedeep et al24 in a recently published cross-sectional analytical study using respiratory
specimens (sputum, gastric lavage, bronchoalveolar lavage and/or endotracheal aspirates) in children with pulmonary
tuberculosis. TB-LAMP conducted using BALF samples can provide faster results, allowing an early and accurate TB
diagnosis in both bacteriologically confirmed and clinically diagnosed TB children. Results from our research are also in
accordance with reports on the use of TB-LAMP on sputum samples from adults in countries with a high TB burden,25

with sensitivities of 77.7% and specificities of 98.1%.
It is noteworthy that there may be discrepancies in TB-LAMP results between regions with different TB burdens.

However, according to the WHO expert committee report on the use of TB-LAMP, the sensitivity of TB-LAMP in
heavily afflicted countries such as India, South Africa and Peru (89.1%, 84.4 and 77.7%, respectively) is not much
different to that in countries with a lower TB burden such as Japan (87.9%).26,27 The TB-LAMP test, then should be
suitable for application in different TB endemic regions.

The sensitivity of TB-LAMP in our study was 77.5% (31/40), significantly exceeding that of smear microscopy,
which is currently regarded as a frontline diagnostic test in China.28 Our study also showed that when used in
combination with smear microscopy, the sensitivity of TB-LAMP increased to 82.5% and had an AUC value of 0.814

Table 4 Performance of TB-LAMP, Culture and Smear-Microscopy as Single Tests and Combined Tests for the Diagnosis of Pulmonary
TB Using the Composite Clinical Reference Standard (CCRS) as a Reference Standard

Diagnostic Assay Performance Parameters [Mean Percentage (N/N), 95% CI]

Sensitivity Specificity PPV NPV

Single tests
Smear-microscopy (SM) 16.5%(22/133)

(10.9–24.2%)

98.2%(108/110)

(92.9–99.7%)

91.7%(22/24)

(71.5–98.5%)

49.3%(108/219)

(42.5–56.1%)

Culture 30.1%(40/133)
(22.6–38.7%)

100.0%(110/110)
(95.8–100.0%)

100.0%(40/40)
(89.1–100.0%)

54.2%(110/203)
(47.1–61.1%)

TB-LAMP 51.1%(68/133)

(42.0–60.5%)

99.1%(109/110)

(94.3–100.0%)

98.6%(68/69)

(90.2–100.0%)

62.6%(109/174)

(57.2–72.2%)
Simultaneous combinationa

SM+TB-LAMP tests in

parallel

53.4%(71/133)

(44.6–62.0%)

99.1%(109/110)

(94.3–100.0%)

98.6%(71/72)

(91.5–99.9%)

63.7%(109/171)

(56.0–70.8%)
Culture+TB-LAMP tests in

parallel

57.9%(77/133)

(49.0–66.3%)

99.1%(109/110)

(94.3–100.0%)

98.7%(77/78)

(92.1–99.9%)

66.1%(109/165)

(58.2–73.1%)

SM+Culture+TB-LAMP
tests in parallel

58.6%(78/133)
(49.8–67.0%)

99.1%(109/110)
(94.3–100.0%)

98.7%(78/79)
(92.2–99.9%)

66.5%(109/164)
(58.6–73.5%)

Sequential combinationb

SM (−) +TB-LAMP 43.2%(48/111)
(34.0–53.0%)

99.1%(109/110)
(94.3–100.0%)

98.0%(48/49)
(87.8–99.9%)

63.4%(109/172)
(55.7–70.5%)

Culture (−) +TB-LAMP 39.8%(37/93)

(29.9–50.5%)

99.1%(109/110)

(94.3–100.0%)

97.4%(37/38)

(84.6–99.9%)

66.1%(109/165)

(58.2–73.1%)

Notes: aSimultaneous combination: Results of SM and TB-LAMP were combined, Culture and TB-LAMP were combined, SM, Culture and TB-LAMP were combined. Both
results being negative was considered as a “negative” and any positive result was taken as a “positive”; bsequential combination: TB-LAMP performed for pulmonary TB
patients with negative (−) SM or Culture results.
Abbreviations: TB-LAMP, Loop-mediated Isothermal Amplification Assay; CI, Confidence interval; PPV, Positive predictive value; NPV, Negative predictive value.
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in reference to mycobacterial culture, making this combination superior to all other single tests evaluated here in terms of
diagnostic accuracy. Since MGIT 960 culture takes more than 2 to 3 weeks, finding a method for diagnosing patients
rapidly is of great clinical importance. The combination of TB-LAMP and smear microscopy may fill this gap and allow
early and adequate anti-TB treatment of potential patients.

Because of low sensitivity of MTB culture in pediatric PTB, we also assessed the diagnostic performance against
CCRS. Our results showed that when using CCRS as a reference, the sensitivity of TB-LAMP reached 51.0%, somewhat
higher than the 37.8% previously reported by Govindan et al.29 When CCRS was used as the reference, the sensitivity of
TB-LAMP was significantly higher than that of culture and smear-microscopy. The TB-LAMP assay can detect 21.0%
more PTB patients than MTB culture and 34.6% more PTB patients than AFB microscopy. Our results are in agreement
with a study by Wang et al who found that multiplex LAMP-LFB (82.0%, 82/100) showed higher sensitivity than culture
(47.0%, 47/100, P < 0.001) and detected an additional 28 probable TB cases, increasing the percentage of definite TB
cases from 62.0% (62/100) to 90.0% (90/100).30 Yadav et al also found a higher overall sensitivity of the TB-LAMP
assay than smear tests (82% vs 64%).31 In another study,32 the sensitivity of TB-LAMP was reported as 84.5%, and was
significantly higher than that of AFB microscopy (67.9%) and culture (75.7%). Taken together, our findings, together
with previous studies, suggest that the TB-LAMP assay may be a promising test for the diagnosis of pediatric PTB.

The WHO have highlighted that existing tests included in diagnostic algorithms for active PTB can be tailored for
each country’s settings and resources. In our study, simultaneous combination of culture with TB-LAMP showed that

Figure 4 Receiver operating characteristic (ROC) curves for determining the sensitivity and specificity of smear-microscopy, TB-LAMP and the two tests in parallel using
CCRS as a reference.
Abbreviations: TB-LAMP, Loop-mediated Isothermal Amplification Assay; CCRS, the composite clinical reference standard.
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TB-LAMP is a power tool for detecting M. tuberculosis infection in children with PTB, presenting a sensitivity of
57.9%, NPV of 66.1%, a specificity of 99.1%, and PPV of 98.7% when CCRS is used as a reference. The performance
of culture and TB-LAMP in parallel was significantly better than that of other single tests for TB, as evidenced by the
respective ROC curves and AUC values (culture and TB-LAMP in parallel: AUC of 0.785; culture alone: AUC of
0.650; TB-LAMP alone, AUC: 0.751). As these results were similar to simultaneously combining smear-microscopy,
culture and TB-LAMP, we concluded that combining these two assays to be a rational diagnostic algorithm for PTB
confirmation in Chinese children. However, mycobacterial culture should remain the gold standard for confirming
PTB, especially when smear microscopy misguides clinical judgment, and its role in detecting clinical NTM is also
irreplaceable. In our study, the 65 (out of 133) false-negative TB-LAMP results may have been caused by a low
mycobacterial burden.33 Several cases also had false positive results, likely due to dead M. tuberculosis cells still being
present after effective treatment; established PTB status prior to testing can cloud the judgment of all nucleic acid
amplification technique-based assays.34 In our study, one patient diagnosed with previous PTB presented with
obstructive pneumonia and had a positive TB-LAMP result. After removal of sputum in the airway and 2 weeks of
antibacterial treatment, the lower specificity of TB-LAMP was further confirmed through a 6-month chest image
recheck.

TB-LAMP also holds strong potential for setting definitive diagnosis in culture-negative and smear-negative
samples; 43.2% (48/111) and 39.8% (37/93) of smear-negative and culture-negative cases tested positive in our study

Figure 5 Receiver operating characteristic (ROC) curves for determining the sensitivity and specificity of culture, TB-LAMP and the two tests in parallel using CCRS as
a reference.
Abbreviations: TB-LAMP, Loop-mediated Isothermal Amplification Assay; CCRS, the composite clinical reference standard.
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using TB-LAMP. Our data provide insight into the added value of TB-LAMP for clinical diagnosis of PTB in children in
China, a country with a high burden of tuberculosis. BALF showed a superior diagnostic yield in children with
bacteriology-negative or sputum-scarce PTB. The overall performance of TB-LAMP was superior to smear microscopy
and culture in this study. It is less affected by electricity and temperature.9 While most NAATs require a separate DNA
extraction step, the TB-LAMP system only requires use of a solution for DNA extraction (Loopamp PURE DNA
extraction kit). In addition, amplification can be detected by visual inspection under UV light instead of using
a turbidimeter.

Our hospital is a well-equipped medical institution with full capacity for conducting TB confirmatory tests, and we
can routinely perform both mycobacterial culture and TB-LAMP on BALF samples. Hospitals with limited medical
resources, however, rarely perform TB culture on site because of the lack of necessary equipment and facilities. As
mycobacterial culture is not readily available in many less-developed regions, TB-LAMP could be a good substitute as
its routine operation requires minimal training, and it is also very useful in cases when children with PTB show negative
etiological results. Since all BALF samples in this study were tested immediately, one of the limitations of our study is
whether DNA degradation will occur in BALF samples after long-term storage and transportation. Therefore, and further
experiments should be performed to analyze the effect of storage and transportation on the accuracy of TB-LAMP.
Secondly, limited by the retrospective design of our study, we only analyzed one-sample test and thus may underestimate
the diagnostic value of all methods. Moore et al showed that detection of Mtb is enhanced by submitting many samples
on separate days in the diagnosis of pulmonary tuberculosis in young children.35 So we think, a prospective study may
provide more accurate information on the yield of molecular or bacteriological tests on repeated BALF samples from
children. A third limitation of our study is that our results might be difficult to extrapolate as only children with
indications for fiberoptic bronchoscopy were included, and obtaining BALF specimens during fiberoptic bronchoscopy
must be performed by experienced physicians. Fourth, considering the small number of culture-confirmed pulmonary
tuberculosis cases and very young children or infants in our study, larger studies are required to determine the benefit of
TB-LAMP testing in pediatric TB clinical settings.

Conclusion
TB-LAMP assays using BALF were superior to conventional tests for the rapid diagnosis of childhood PTB. TB-LAMP
is a promising alternative test that has much higher sensitivity and a shorter detection interval than smear microscopy and
mycobacterial culture. Combining TB-LAMP with smear microscopy greatly improved accuracy in diagnosing bacter-
iologically-confirmed PTB in children. A combination of MTB culture and TB-LAMP provides a rational diagnostic
algorithm for pediatric PTB in China.
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