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Introduction: The Xpert MTB/RIF is recommended by the World Health Organization
as a first line rapid test for the diagnosis of pulmonary tuberculosis (TB); however,
China does not routinely use this test, partially due to the lack of a sufficient number
of systematic evaluations of this assay in local patients. The aims of this study were
to comprehensively assess the diagnostic performance of Xpert MTB/RIF, either alone
or in combination with conventional assays for the diagnosis of pulmonary TB in adult
Chinese patients.
Methods: Xpert MTB/RIF tests were performed in 190 adult patients with suspected
pulmonary TB, using bronchoalveolar lavage fluid (BALF) as test specimens. In parallel,
conventional tests were carried out using the same BALF samples. Using two different
reference standards, the performance of Xpert MTB/RIF, conventional assays and their
combinations were evaluated.
Results: Using mycobacterial culture as the reference comparator, Xpert MTB/RIF was
found to be superior to smear-microscopy in detecting Mycobacterium tuberculosis.
When final diagnosis, based on clinical criteria, was employed as the reference standard,
Xpert MTB/RIF showed an even higher accuracy of 72.1%, supported by a sensitivity
of 61.1% and specificity of 96.6%. Xpert MTB/RIF also demonstrated a powerful
capability to identify pulmonary TB cases undetected by culture or smear-microscopy.
Combining smear-microscopy and Xpert MTB/RIF was found to be the most accurate
early predictor for pulmonary TB. Rifampicin resistance reported by Xpert MTB/RIF
slightly deviated from that by phenotypic antibiotic susceptibility testing and requires
further study with a larger sample size.
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Conclusion: This two-center prospective study highlights the value of Xpert MTB/RIF
with BALF in diagnosing pulmonary TB in adult Chinese patients. These findings might
contribute to the optimization of current diagnostic algorithms for pulmonary TB in
China.
Keywords: pulmonary tuberculosis (TB), diagnosis, Xpert MTB/RIF, smear-microscopy, culture, bronchoalveolar
lavage fluid (BALF), performance analysis

Sputum is not considered as the most reliable specimen for TB
diagnosis in China and using sputum might not reflect the true
performance of Xpert MTB/RIF properly (Hill and Whalen,
2015). A prospective study that systematically assesses this assay,
using more reliable respiratory specimens and targeting adult
age groups that dominate among the TB patients in China is still
needed.
The source of test samples has a significant influence
on the performance of all diagnostic assays. Sputum, either
spontaneously expectorated or induced, has been often linked
to a low diagnostic yield for detecting M. tuberculosis, due
to insufficient sample quantity and/or quality (Sakundarno
et al., 2009; Hepple et al., 2012; Meyer et al., 2017). Although
bronchoscopy is considered to be an invasive and costly
technique that requires specific training of the infectious disease
physician, it has been recommended for patients with suspected
pulmonary TB in regions with a high frequency of TB (Iyer et al.,
2011), or at least for those who failed to spontaneously produce
sputum (Lee et al., 2013). Recent studies have found that when
combined with Xpert MTB/RIF, BALF could provide accurate
results in detecting early-stage pulmonary TB, in particular in
smear-negative patients (Theron et al., 2013).
By designing and carrying out a well-controlled prospective
study, we sought to systematically assess the utility of the
Xpert MTB/RIF assay as a single test or combined with smear
microscopy, using BALF as the test specimen, with mycobacterial
culture as the reference standard. In a second evaluation, we used
the final diagnosis, based on clinical and laboratory data, as the
reference to provide a more comprehensive and reliable standard.
We anticipate that this work will provide robust data to optimize
the current diagnostic algorithms for pulmonary TB in Chinese
adult patients.

INTRODUCTION
Tuberculosis (TB) is a leading global public health problem,
with an extremely high mortality if left untreated (WHO, 2017).
China is among the six countries that account for 60% of all new
TB cases worldwide, sharing 918,000 (8.8%) new cases annually
(WHO, 2017). The lungs are still the major site of infection for
new and relapsed cases, varying from 54 to 97% of all cases
reported in the top 30 high-burden countries (WHO, 2017).
Despite the introduction of the WHO End-TB Strategy, the rate
of decline in TB globally remained at only 1.5% between 2014
and 2015 (WHO, 2017), underlining an urgent need of better and
more efficient implementation of anti-TB strategies.
Misdiagnosis and late diagnosis of TB delay access to
appropriate antibiotic treatment and promote disease
transmission. One of the major anti-TB strategies endorsed
by WHO, also the key to reducing the spread of the epidemic,
is to introduce rapid and accurate diagnostics for early TB
screening and confirmation. Conventional laboratory methods
for diagnosis of infection with Mycobacterium tuberculosis
include smear-microscopy and mycobacterial culture. Although
smear-microscopy and culture have been used as the screening
and confirmatory “gold standard” tests, respectively, for decades,
they have significant limitations of low-sensitivity, being timeconsuming and in some countries, difficult to access due to the
lack of suitable laboratory facilities (Detjen et al., 2015). Xpert
MTB/RIF (Cepheid Inc., Sunnyvale, CA, United States) is a
real-time polymerase chain reaction (RT-PCR) based molecular
diagnostic assay and is the only rapid diagnostic test endorsed by
WHO for detection of M. tuberculosis and multidrug resistance
(WHO, 2017). This test is simple to perform, rapid, and accurate
for early diagnosis of TB in both adults and children (Bates
et al., 2013; Friedrich et al., 2013; Lee et al., 2013; Theron et al.,
2013; Detjen et al., 2015; Heidebrecht et al., 2016). China has not
officially introduced Xpert MTB/RIF into routine TB diagnosis
and management, although it is one of the countries with the
highest TB burden (WHO, 2017). This was at least partially due
to the lack of a sufficient number of clinical studies to endorse the
application of this assay for patients with suspected TB in China.
Yin et al. (2014) previously examined the performance of Xpert
MTB/RIF combined with bronchoalveolar lavage fluid (BALF)
in identifying pulmonary TB in patients under 18 years of age.
This age group, however, does not represent the age groups that
dominate among the TB patients in China. A recent regional
tuberculosis prevalence survey estimated the proportion of
younger TB patients aged 0–14 years to be only around 1% (Wu
et al., 2017). Ou et al. (2015) assessed the performance of Xpert
MTB/RIF in Chinese patients using sputum as the test specimen.
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MATERIALS AND METHODS
The Two Centers and Overall Study
Design
This prospective study was designed by following the general
principle for the evaluation of diagnostic assays for infectious
diseases recommended by The Special Program for Research
and Training in Tropical Diseases (TDR) Diagnostics Evaluation
Expert Panel (Banoo et al., 2010). The study evaluated 200
patients visiting the Wenzhou Central Hospital (WCH) and
the Third Affiliated Hospital of Wenzhou Medical University
(WMU) between November 2015 and December 2016 for
suspected pulmonary TB. The WCH and the Third Affiliated
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was placed into an airway of an affected lung segment, as
suggested by chest CT scan. Flexible bronchoscopes with a
2.0 mm diameter (model BF-Q170, Olympus Medical, Tokyo,
Japan) or a 2.8 mm diameter (model BF-ITQ170, 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, 50–100 mL of sterile saline was
instilled and aspirated from the lung segments involved.
Half of the specimen was used for smear-microscopy and
mycobacterial culture and the other half was used for Xpert
MTB/RIF tests (Lee et al., 2013). Histological examination was
performed on transbronchial biopsies to assist diagnosis if
necessary.

Hospital are two teaching hospitals of WMU, China, covering a
population of 11 million in South Zhejiang Province and North
Fujian Province. Patients were enrolled in the study if they had
chest computed tomography (CT) images suggesting possible
pulmonary TB, and one of the following symptoms: Cough,
chest tightness, chest pain, haemoptysis, fever, night sweats, loss
of appetite, dyspnoea, and loss of weight. In addition to CT
scan, all enrolled patients underwent a series of other clinical
and laboratory examinations to assist diagnosis. These included
physical examination, an interferon gamma release assay
(IGRA) the T-SPOT TB test, bronchoscopy, histopathological
examination of a bronchoalveolar biopsy specimen, staining
and microscopy for acid-fast bacilli (smear-microscopy), liquid
mycobacterial culture and Xpert MTB/RIF assay using BALF. The
results were recorded on standardized case record forms. The
Ethics Review Boards of WCH and the Third Affiliated Hospital
of WMU both approved the study. Written informed consent
for participation and the use of their data were provided to
individual patients. The overall study was designed as described
in Figure 1.

Xpert MTB/RIF
The Xpert MTB/RIF assay was performed on sputum samples
and BALF samples, following the manufacturer’s instructions.
A total of 1 mL of BALF or sputum was transferred into
the Xpert MTB/RIF cartridge without initial decontamination.
Digestion solution (4% NaOH4 + 2% NaCl) was added and
the cartridge was allowed to stand still for 15 min at room
temperature, before placing the cartridge in the reactor of
the Xpert MTB/RIF instrument for DNA extraction and PCR
amplification. Xpert MTB/RIF software was used to interpret the
results.

Justification of Choosing BALF Over
Expectorated Sputum for Evaluation of
Xpert MTB/RIF
The quality of patient-collected sputum can vary due to any
deficiency in the key steps of sputum-collection, including
delivery of collection instructions by medical staff to patients,
understanding of the requirements for proper sputum collection
by patients and assessment of sputum quality by laboratory staff
(Sakundarno et al., 2009). Chinese Center for Disease Control
and Prevention (CCDC) guidelines for sputum collection
requires expectorated sputum samples to be collected under
the supervision of medical staff after patient orientation and
education, and a quality evaluation to be performed by staff
members at the diagnostic laboratories for all sputum samples
received. Due to a large number of sputum samples required
daily and the shortage of staff in the hospitals it has been
difficult to vigorously follow the CCDC guideline when collecting
sputum samples, possibly leading to inadequate quality of some
sputum samples and a low diagnostic yield. A preliminary study
was undertaken to compare the results of smear-microscopy
and Xpert MTB/RIF obtained from expectorated sputum and
BALF. Sputum specimens were obtained from 84 patients
who were able to produce sputum, out of the 190 patients
in the larger study. Staff members at the infectious diseases
departments and diagnostic laboratories involved in sputum
sample preparation were unaware of the experimental design.
BALF was also obtained from the same 84 patients to compare the
performance of the two specimen types when used for diagnostic
assays.

Conventional Smear-Microscopy and
Mycobacterial Culture Methods
Five milliliters of sputum and 1 mL of BALF were used for
smear-microscopy and mycobacterial culture. Samples were pretreated by decontamination with 4% weight/volume sodium
hydroxide (NaOH) and centrifugation at 3000 × g for 20 min.
The centrifuged deposit was stained by Ziehl–Neelsen and
examined by microscopy (smear-microscopy), and cultured on
Mycobacteria Growth Indicator Tube (MGIT, BD, Shanghai,
China) for 2–8 weeks at 37◦ C. The acid fastness of the growth
of mycobacteria in MGIT was verified by staining with Ziehl–
Neelsen. A rapid immunochromatographic identification test,
SD BIOLINE TB Ag MPT64 Rapid (Alere, Shanghai, China)
was then carried out to differentiate M. tuberculosis complex
from non-tuberculous mycobacteria (NTM). Mycobacterial
growth from culture-positive MGIT also underwent routine
phenotypic antibiotic susceptibility testing for rifampicin (R),
isoniazid (H), streptomycin (S), and ethambutol (E), using
BACTECTM MGITTM 960 SIRE KIT (BD, Shanghai, China) as
per manufacturer’s instructions.

Two Reference Standards for Diagnosis
of Pulmonary TB

Bronchoscopy Procedure, Specimen
Collection and Handling

Two reference standards were used in this study for detection
of M. tuberculosis. The first, the conventional “gold standard”
mycobacterial culture (Theron et al., 2013; Luetkemeyer et al.,
2016) was used to evaluate Xpert MTB/RIF, smear-microscopy
or a combination of both. The second reference standard used

Bronchoscopy was performed on all patients by experienced
infectious disease physicians in dedicated suites under conscious
sedation to collect BALF and biopsy samples. A bronchoscope
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FIGURE 1 | Patient flow through the study. TB, tuberculosis; BALF, bronchoalveolar lavage fluid; S-M, smear-microscopy; C, culture; X, Xpert MTB/RIF assay.
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was the final clinical diagnosis based on both clinical criteria
including the patient’s response to anti-tuberculosis treatment as
well as laboratory criteria. The clinical diagnosis was based on
opinions of at least two qualified infectious disease physicians,
using published two-step diagnostic criteria (Barnard et al., 2015).
The initial criterion was a positive culture of M. tuberculosis
complex from BALF. The secondary clinical case criteria were
applied for culture-negative patients and included signs and
symptoms compatible with active pulmonary TB; a positive
T-SPOT. TB test result, a chest CT scan consistent with
pulmonary TB, documented response to anti-TB treatment or
non-treatment after 6 months indicated by a follow-up Chest
CT scan. Such two-step diagnostic criteria were designed to
predict the presence of active pulmonary TB and establish a
credible reference standard, as the well-accepted high specificity
(∼100%) of mycobacterial culture (the 1st criterion) allow very
few “false-positive” cases (Lewinsohn et al., 2017), while the 2nd
criterion further detects the “false-negative” cases in the studied
population.

TABLE 1 | Demographic characteristics of participating patients.
Characteristics
Median age, years (range)

46.7 ± 16.6 (15–84)

Gender
Male

120 (63.2)

Female

70 (36.8)

Patient status
In patients

175 (92.1)

Outpatients

15 (7.9)

Clinical diagnosis
Pulmonary tuberculosis

131 (68.9)

Non-mycobacterial infection

25 (13.2)

Previous pulmonary TB

18 (9.5)

Tubercular peritonitis

Data Analysis and Statistical Methods

8 (4.2)

Non-tuberculous mycobacterial infection

3 (1.6)

Lung cancer

2 (1.1)

Lymphatic tuberculosis

1 (0.5)

Enterophthisis

1 (0.5)

Silicosis

1 (0.5)

TB, tuberculosis.

Data analysis was performed using SPSS 19.0 software (IBM
Corp., Armonk, NY, United States) and Excel 2010 software
(Microsoft Corp., Redmond, WA, United States). First, the
sensitivity, specificity, accuracy, positive predictive values (PPV),
and negative predictive values (NPV) of smear-microscopy,
Xpert MTB/RIF or a combination of both were calculated,
along with the corresponding 95% confidence intervals, obtained
using the Wilson score binomial method (Luetkemeyer et al.,
2016), with culture as the reference standard. Next, the same
parameters were evaluated using the final clinical diagnosis as
the reference. One-way analysis of variance (ANOVA) was used
to determine whether there were any significant differences
between the performance parameters of two assays or their
combinations. Statistical significance was assumed at p-value of
less than 0.05.

TABLE 2 | Comparison of BALF and expectorated sputum in detecting
Mycobacterium tuberculosis in patients with a clinical diagnosis of pulmonary TBa .
Number (%) of pulmonary TB patients
(N = 44b ) correctly diagnosed using
BALF
Smear-microscopy
Xpert MTB/RIF

Expectorated sputum

9 (20.5)

8 (18.2)

27 (61.4)

18 (40.9)

a Clinical

diagnosis was supported by positive culture, or/and clinical and
radiological presentations consistent with active pulmonary TB infection, and
documented improvement after anti-TB treatment. Refer to text for details.
b 44 out of 84 patients recruited were diagnosed with pulmonary TB. BALF,
bronchoalveolar lavage fluid; TB, tuberculosis.

MTB/RIF with that of conventional methods in diagnosing
pulmonary TB.

RESULTS
Demographic and Clinical
Characteristics of Participating Patients

Performance of Xpert MTB/RIF Assay
and Smear-Microscopy With Culture as
the Reference Standard

Two hundred patients with suspected pulmonary TB were
recruited from the two hospitals for this study. One hundred and
ninety patients with a complete set of data necessary for analysis
of the performance of Xpert MTB/RIF were selected for analysis.
Demographic characteristics of selected patients are shown in
Table 1.

Out of all 190 patients with suspected pulmonary TB,
M. tuberculosis was detected from 77, 30, and 82 patients by
mycobacterial culture, smear-microscopy, and Xpert MTB/RIF,
respectively. Table 3 summarizes the performance of Xpert
MTB/RIF and smear-microscopy in the diagnosis of active
pulmonary TB, with mycobacterial culture as the reference
standard. Xpert MTB/RIF showed an overall higher accuracy
than smear-microscopy (83.7 vs. 72.4%, p < 0.05), with a
significantly higher sensitivity (83.1 vs. 37.7%, p < 0.05) but a
slightly lower specificity (84.1 vs. 99.1%, p < 0.05). Combining
smear-microscopy with Xpert MTB/RIF slightly increased its
power to detect M. tuberculosis, with accuracy rising to 84.7%.
However, using culture alone as the reference standard may

Justification of Choosing BALF Over
Expectorated Sputum for Evaluation of
Xpert MTB/RIF
Patient-collected expectorated sputum had generally lower rates
for detecting M. tuberculosis than BALF, irrespective of diagnostic
assay employed (Table 2). On the basis of these results, it was
decided to use BALF to compare the performance of Xpert
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TABLE 3 | Performance of smear-microscopy, Xpert MTB/RIF and their combination using culture as reference in detecting M. tuberculosis.
Diagnostic assay

Performance parameters [Mean percentage (N/N), 95% CI]
Sensitivity

Specificity

Accuracy

PPV

NPV

Smear-microscopy

37.7% (29/77)
(26.0–49.4%)

99.1% (112/113)
(91.2–100.0%)

74.2% (141/190)
(64.7–83.7%)

96.7% (29/30)
(66.7–100.0%)

70.0% (112/160)
(64.4–75.6%)

Xpert MTB/RIF

83.1% (64/77)
(70.1–96.1%)

84.1% (95/113)
(75.2–92.9%)

83.7% (159/190)
(73.2–94.2%)

78.1% (64/82)
(65.9–90.2%)

88.0% (95/108)
(78.7–97.2%)

Combined testsa

85.7% (66/77)
(72.7–100.0%)

84.1% (95/113)
(75.2–93.8%)

84.7% (161/190)
(74.2–96.3%)

78.6% (66/84)
(66.7–91.7%)

89.6% (95/106)
(80.2–100.0%)

Single tests

BALF was used for testing. CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value. a Results of smear-microscopy and Xpert MTB/RIF were
combined. Negative results of both assays were considered as a “negative” and any positive was taken as a “positive” for the combined assays.

results and 2 out of 52 patients with negative Xpert MTB/RIF
results. Mycobacterial culture detected 13 out of 51 patients
(25.5%) with negative Xpert MTB/RIF results and 48 out of
101 patients (47.5%) with negative smear-microscopy results,
suggesting complementary roles between mycobacterial culture
and Xpert MTB/RIF in detecting pulmonary M. tuberculosis.
Three patients with NTM infection were identified only by the
culture method. Twenty patients were clinically diagnosed with
previous pulmonary TB, among them two were Xpert MTB/RIF
positive, albeit with ultralow readings. Follow-up chest CT scan
confirmed the initial clinical diagnosis.

not be adequate for evaluating Xpert MTB/RIF, since 54 of
131 (42.1%) cases of clinically diagnosed TB had negative
culture results. Of these, 16 cases were further detected by
Xpert MTB/RIF. We therefore used clinical diagnosis as the
second reference standard to improve the evaluation of the Xpert
MTB/RIF assay.

Performance of Xpert MTB/RIF and
Conventional Methods With Clinical
Diagnosis as the Reference Comparator
Table 4 summarizes the overall performance of Xpert MTB/RIF
and smear-microscopy as single tests and combined tests in
the diagnosis of pulmonary TB, using the clinical diagnosis
as the reference comparator. As a single test, Xpert MTB/RIF
showed high accuracy of 72.1%, supported by a sensitivity
of 61.1%, NPV of 52.8%, specificity of 96.6% and PPV of
97.6%. Smear-microscopy had a significantly lower sensitivity
(22.9%) and a slightly but insignificantly higher specificity
(100%). We further examined the performance of combinations
of Xpert MTB/RIF and smear-microscopy in a simultaneous
or sequential order. Simultaneously combining Xpert MTB/RIF
with smear-microscopy, compared with smear-microscopy or
Xpert MTB/RIF alone increased assay sensitivities by 39.7
and 1.5%, respectively (Table 4). Sequential combinations of
smear-microscopy with Xpert MTB/RIF showed that Xpert
MTB/RIF maintained a high power to detect M. tuberculosis in
pulmonary TB patients who failed smear-microscopy screening,
with a sensitivity of 51.5%, NPV of 53.8%, a specificity
of 96.6%, and PPV of 96.3% (Table 4). A more detailed
decomposition analysis was performed to compare the power
of each assay in identifying pulmonary TB cases missed by
others.

Xpert MTB/RIF for the Detection of
Anti-TB Drug-Resistance
Although the Xpert MTB/RIF assay and conventional
susceptibility testing gave most consistent results, there were
a few important differences. The majority of M. tuberculosis
isolates detected simultaneously by mycobacterial culture and
the Xpert MTB/RIF assay (58 out of 62) were susceptible to
first-line anti-TB drugs tested: H, R, S, and E, according to the
Xpert MTB/RIF assay. Resistance to R was reported for four
patients by the X-pert MDR/RIF assay. Parallel conventional
antibiotic susceptibility tests using M. tuberculosis growth in
MGIT showed one isolate was resistant to H/R/S/E, one was
resistant to H/R/S, one was resistant to H only, and the last
one was susceptible to all anti-TB drugs tested. Among the
58 patients with negative MTB/RIF readings, MGIT growth
for two patients showed increased resistance to isoniazid and
ethambutol, respectively.

DISCUSSION
In this study, we performed a rigorous, standardized, head-tohead comparison of the performance of the Xpert MTB/RIF
assay with conventional laboratory methods for diagnosis of
adult pulmonary TB, using two different reference standards
and with BALF obtained from adult Chinese patients. Key
findings of this study include: BALF outperformed expectorated
sputum collected under current practice in these two hospitals;
Xpert MTB/RIF with BALF was found to be an ideal
single-assay combination for rapid and accurate diagnosis

Capability of Xpert MTB/RIF to Detect
Clinically Diagnosed Pulmonary TB That
Generated Negative Results in
Conventional Assays
Xpert MTB/RIF assay supported the clinical diagnosis in 52 out
of 101 (51.5%) smear-negative TB patients and 16 out of 54
(29.6%) culture-negative patients. In contrast, smear-microscopy
only detected 1 out of 54 TB patients with negative culture
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TABLE 4 | Performance of smear-microscopy, Xpert MTB/RIF and their combinations using clinical diagnosis as reference in detecting M. tuberculosis.
Diagnostic assay

Performance parameters [Mean percentage (N/N), 95% CI]
Sensitivity

Specificity

Accuracy

PPV

NPV

Smear-microscopy

22.9% (30/131)
(16.0–29.8%)

100.0% (59/59)
(84.8–100.0%)

46.8% (89/190)
(37.4–56.3%)

100.0% (30/30)
(70.0–100.0%)

36.9% (59/160)
(31.3–42.5%)

Xpert MTB/RIF

61.1% (80/131)
(51.2–71.0%)

96.6% (57/59)
(74.6–100.0%)

72.1% (137/190)
(58.42–85.8%)

97.6% (80/82)
(81.7–100.0%)

52.8% (57/108)
(40.7–64.8%)

62.6% (82/131)
(52.7–72.5%)

96.6% (57/59)
(74.6–100.0%)

73.2% (139/190)
(59.5–86.8%)

97.6% (82/84)
(82.1–100.0%)

53.8% (57/106)
(41.5–66.0%)

Smear-microscopy (−) + Xpert MTB/RIF

51.5% (52/101)
(39.6–62.4%)

96.6% (57/59)
(76.3–100.0%)

68.1% (109/160)
(53.1–81.9%)

96.3% (52/54)
(74.1–100.0%)

53.8% (57/106)
(42.5–64.2%)

Smear-microscopy (+) + Xpert MTB/RIF

93.3% (28/30)
(83.3–100%)

N/A (0/0)

93.3% (28/30)
(83.33-100%)

100% (28/28)
(89.29-100%)

N/A (0/2)

Single tests

Simultaneous combinationa
Smear-microscopy + Xpert MTB/RIF
Sequential combinationb

BALF was used for testing. CI, Confidence interval; PPV, Positive predictive value; NPV, Negative predictive value; N/A, Not available. a Simultaneous combination: Results
of smear-microscopy and Xpert MTB/RIF were combined. Both negative was considered as a “negative” and any positive was taken as a “positive.”
b Sequential combination: Xpert MTB/RIF assay performed for pulmonary TB patients with negative (−) or positive (+) smear-microscopy results, respectively.

sputum obtained from the same patients at the same time
point to avoid sampling bias, BALF was found to be superior
to expectorated sputum in diagnosing pulmonary TB in the
population sampled.
The diagnostic performance of X-pert MTB/RIF, using
different samples including BALF, has been assessed by many
studies in adult patients from various geographical regions,
including low-TB prevalence countries such as the United States
and higher TB prevalence countries such as South Korea, Brazil,
and South Africa (Lee et al., 2013; Theron et al., 2013; Le
Palud et al., 2014; Luetkemeyer et al., 2016). Although this assay
combined with BALF has been evaluated in children in China, it
has not been assessed in adult local patients. Information on the
performance of Xpert MTB/RIF combined with BALF in adult
Chinese patients would facilitate the integration of this assay into
current tuberculosis diagnostic algorithms. In our prospective
study, we found high sensitivities (83.1 and 61.1%), specificities
(84.1 and 96.6%), PPV (78.1 and 97.6%), and NPV (88.0 and
52.8%) of Xpert MTB/RIF in detecting pulmonary TB, using
the conventional “gold-standard” mycobacterial culture and the
more clinically relevant final diagnosis as reference comparators,
respectively. Similar sensitivities, specificities, PPVs and NPVs
were reported by Lee et al. (2013) in a recently published
retrospective study using BALF from South Korean patients and
culture as the reference standard. Our finding is also in line with
other reports from South Africa using Xpert MTB/RIF on BALF
and other respiratory samples, with sensitivities ranging from 60
to 96% and specificities ranging from 50 to 100% (Ciftci et al.,
2011; Lee et al., 2013; Theron et al., 2013; Le Palud et al., 2014;
Walters et al., 2014; Detjen et al., 2015). In the present study,
fifty-one clinical cases of pulmonary TB showed false-negative
readings for the Xpert MTB/RIF assay. This may be explained by
a low mycobacterial burden of these cases (Lee et al., 2013), since
a minimum number of 131 mycobacterial colony forming units
is required to be present in the specimen to produce a positive
Xpert MTB/RIF reading (Bunyasi et al., 2015). Falsely positive

of pulmonary TB; a combination of smear-microscopy and
Xpert MTB/RIF remained an accurate early predictor for
pulmonary TB. Predictions by the Xpert MTB/RIF assay
for multidrug-resistance of M. tuberculosis require further
improvement.
Various samples have been used for TB diagnosis, including
spontaneously expectorated sputum, induced sputum, tracheal
aspirate, pleural fluid, cerebral spinal fluid, pericardial fluid,
biopsy, nasopharyngeal aspiration, gastric lavage, urine, cold
abscess aspirate, and BALF (Hepple et al., 2012; Bates et al.,
2013; Mathew et al., 2014; Pang et al., 2014; Zhang et al., 2016).
Although different opinions have been expressed regarding the
importance of the source and type of test sample (Bunyasi
et al., 2015), the quality of the specimen has been considered
as a determinant factor affecting assay performance (Pinto and
Udwadia, 2013). Theron et al. (2014) found that expectorated
sputum was the best specimen with the highest sensitivity among
all pulmonary specimens including BALF, possibly due to the
highest bacterial load of the sputum that has been expectorated
properly (Iyer et al., 2011; Theron et al., 2014). However,
unacceptable quality of sputum samples received by diagnostic
laboratories is a common issue in China and worldwide and has
become a significant cause of low diagnostic yield (Heineman
et al., 1977; Macq et al., 2005; Ou et al., 2015). We suspected
that the current inadequacies in sputum collection in the two
hospitals that participated in this study might have led to
insufficient quality of expectorated sputum used for testing
and consequentially may have affected the performance of all
diagnostic assays. In the two hospitals, bronchoscopy and BALF
are routinely recommended for patients who are sputum-scarce
or have negative sputum smear-microscopy and Xpert MTB/RIF,
while their clinical and radiological examinations are highly
suggestive of pulmonary TB, or for differential diagnosis to
clarify the underlying cause of a radiographic abnormality (de
Gracia et al., 1988; Iyer et al., 2011). When a head-to-head
comparison was carried out between BALF and expectorated
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testing could be explained by the presence of “disputed” rpoB
mutations, or a silent mutation in the rpoB gene (Van Deun
et al., 2013; Mathys et al., 2014). Failure to clarify the discrepancy
by identifying the mutation in the rpoB gene often results in a
poor treatment outcome (Van Deun et al., 2013; Mathys et al.,
2014). A study with a larger sample size and incorporating DNA
sequencing for rpoB mutations is needed for a comprehensive
assessment of the performance of Xpert MTB/RIF in detecting
rifampicin/multidrug resistance in adult Chinese patients, with
more accurate interpretation of rifampicin resistance detected by
Xpert MTB/RIF.
The prospective nature of this study allowed us to implement
Xpert MTB/RIF, smear-microscopy and culture on aliquots of the
same specimen, ensuring a valid comparison without a sample
bias caused by the heterogeneity of specimens (Theron et al.,
2013). Another advantage of this prospective study was the
access to a complete set of data necessary for a systemic and
comprehensive analysis of the performance of diagnostic assays.
Unlike many other studies that only used culture as the reference
comparator, we employed clinical diagnosis as the second and
more powerful reference standard for performance analysis.
Culture was considered as a highly deficient “gold standard” for
TB diagnosis and might be inadequate for assessing the accuracy
of molecular diagnostic assays that have a similar sensitivity
to culture [(Banoo et al., 2010; Theron et al., 2013; Barnard
et al., 2015; Bunyasi et al., 2015; Ho et al., 2016; Singh et al.,
2016) and this study]. Previous studies using reference standards
other than culture, with additional criteria that lead to a positive
clinical diagnosis, have often shown a higher predictive value
and specificity of Xpert MTB/RIF than that reported by studies
using culture as reference standard (Theron et al., 2011; Ho et al.,
2016; Walters et al., 2017). A major limitation of the present
study is the relatively small patient size and the short (13-month)
study duration. The performance of the Xpert MTB/RIF assay
combined with BALF for the detection of pulmonary TB in
adult Chinese patients might be different in larger cohorts or
in studies performed over a longer period. Another limitation
of the current study is the use of the first generation of Xpert
MTB/RIF. As reported by many others and also found in this
study, Xpert MTB/RIF has relatively lower sensitivity with smearnegative pulmonary samples (Detjen et al., 2015). The newly
developed Xpert Ultra assay has demonstrated a significant
improvement in TB and rifampicin-resistance detection, with
higher sensitivities on both total sputum samples and smearmicroscopy negative sputum samples (Chakravorty et al., 2017).
This kit, however, is only currently accessible for very few
research institutes but not the majority of public hospitals in
China.

results are another major concern for using RT-PCR-based Xpert
MTB/RIF for TB diagnosis, which is often related to the presence
of dead M. tuberculosis cells after anti-TB treatment or a previous
pulmonary TB status (Friedrich et al., 2013). In our study, among
18 patients diagnosed with previous pulmonary TB, 16 remained
negative to Xpert MTB/RIF and two were positive. Detecting
M. tuberculosis DNA by Xpert MTB/RIF from these two patients,
who received no anti-TB treatment and gave negative results in a
6-month follow-up CT scan has resulted in a lower specificity of
Xpert MTB/RIF, relative to that of smear-microscopy (Table 3).
Smear-microscopy, the frontline diagnostic test currently used in
China, showed a very low sensitivity in detecting M. tuberculosis
from BALF. Xpert MTB/RIF demonstrated a high sensitivity
for these smear-microscopy negative TB cases, as shown in
the current study and also other studies (51.5% in our study
and 49 to 72% in other studies) (Bates et al., 2013; Jafari
et al., 2013; Pang et al., 2014; Yin et al., 2014; Singh et al.,
2016). Furthermore, Xpert MTB/RIF detected approximately
29.6% of culture-negative cases, which is higher than reported
in the literature [14% (Walters et al., 2014), 12.5% (Barnard
et al., 2015; Celik et al., 2015; Heidebrecht et al., 2016), 7%
(Barnard et al., 2015)]. However, it is important to note that
mycobacterial culture, the conventional “gold standard,” is still
a powerful and complementary tool in confirming pulmonary
TB cases that are misdiagnosed by smear-microscopy or Xpert
MTB/RIF; it also remains the irreplaceable method for the
detection of NTM.
With clinical diagnosis as a reference standard with higher
clinical reliability compared to culture, a combination of
smear-microscopy and Xpert MTB/RIF for early diagnosis of
TB outperformed all single tests in the context of accuracy.
A potential major concern of using Xpert MTB/RIF as a single
test or in combination with other assays is the high cost. Though
a single Xpert MTB/RIF kit costs less than 10 dollars, this
procedure is currently priced at approximately 80 dollars in
China without medicare rebate. More than 70 million dollars
would be required for an accurate early screening of the 918,000
new TB patients in China using this assay (WHO, 2017). There is
an urgent need to accomonadate Xpert MTB/RIF into the current
Chinese TB Control Program and to lower the cost of Xpert
MTB/RIF. Recent cost-benefit analysis of Xpert MTB/RIF for
suspected TB cases found using this assay as an adjunct for smearmicroscopy for early diagnosis actually reduced expenditures in
pulmonary TB patients (Theron et al., 2012; Diel et al., 2016).
The incidence of rifampicin resistance was found to be
low in our study, consistent with the findings from previous
studies (Lee et al., 2013; Theron et al., 2013; Le Palud et al.,
2014; Luetkemeyer et al., 2016). We also found that rifampicin
resistance reported by Xpert MTB/RIF could not fully represent
the multidrug resistance profile demonstrated by conventional
antibiotic susceptibility testing. However, no solid conclusion can
be drawn due to the fact that very few rifampicin-resistant TB
cases were identified in this study and mutations of the rpoB gene
suggested by Xpert MTB/RIF have not been further examined
by DNA sequencing, which is a limitation. Discrepancy between
the positive rifampicin-resistance detected by Xpert RIF/MTB,
and the negative phenotype using conventional susceptibility
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CONCLUSION
In summary, our study provides a solid foundation for the
potential integration of Xpert MTB/RIF into the current
diagnostic algorithms for pulmonary TB in China. The Xpert
MTB/RIF assay using BALF offers obvious advantages over
conventional tests. As a single test, it has a much higher sensitivity
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than smear-microscopy, and a much shorter turnaround
time compared with mycobacterial culture. Combing smearmicroscopy and Xpert MTB/RIF appears to be an accurate
and cost-effective tool for the early diagnosis of pulmonary
TB. A combination of these two assays for early diagnosis and
culture for later confirmation can be used as a rationalized
diagnostic algorithm in Chinese tertiary hospitals. Integrating
X-pert MTB/RIF into the current TB diagnostic pipeline in
China does increase the cost, for example, by several times
for pulmonary TB patients with negative smear-microscopy
results. The higher cost, however, can be compensated by
its higher accuracy, short turnaround time, and the less
treatment cost spent on multidrug resistant patients and patients
with uncertain diagnosis (Theron et al., 2013; Diel et al.,
2016).
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