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Introduction: We assessed the effect of Mycobacterium tuberculosis (MTB) bacterial load 
on Xpert MTB/RIF accuracy for detection of rifampicin (RIF)-resistant MTB in bronchoal-
veolar lavage fluid (BALF) specimens obtained at a national tuberculosis (TB) specialized 
hospital in Beijing, China.
Methods: A retrospective study was conducted at Beijing Chest Hospital. Patients with symp-
toms suggestive of pulmonary TB who provided BALF specimens for routine MTB detection 
between June 2019 and July 2020 were enrolled in the study. Chi-square test and Student’s t-test 
were used to compare results across groups stratified according to BALF bacterial load.
Results: In total, 1125 patients with positive Xpert results who were enrolled in final 
analysis, 263 provided BALF specimens that tested positive for RIF-resistant MTB via 
Xpert MTB/RIF. The RIF-resistance rate of specimens with very low MTB bacterial load 
was 30.9%, a resistance rate significantly greater than rates obtained for groups with high 
(25.0%), medium (17.3%) and low (19.2%) MTB loads (P<0.01). Notably, false-positive 
results obtained for the very low bacterial load group led to markedly reduced positive 
predictive value of Xpert MTB/RIF to provide correct RIF-resistance predictions for that 
group (67.1%, 95% CI: 56.1%–78.1%5) relative to the predictive value obtained for all other 
groups combined (about 90%, P<0.05). Sanger sequencing data obtained for 20 (32.8%) 
MTB isolates deemed RIF-resistant via Xpert (Probe E) lacked rpoB RRDR mutations. 
Meanwhile, of another group of 23 isolates deemed RIF-susceptible via DST but RIF- 
resistant via Xpert MTB/RIF, 20 isolate sequences (87.0%) lacked rpoB RRDR mutations, 
while sequences of the remaining 3 isolates harbored single rpoB RRDR mutations predicted 
to cause amino acid substitutions.
Conclusion: Xpert MTB/RIF assay performed alarmingly poorly when used to detect RIF- 
resistant MTB in BALF specimens with very low bacterial loads. A high rate of Xpert probe 
E hybridization failure was the main driver of false-positive RIF-resistant results.
Keywords: rifampicin, bronchoalveolar lavage fluid, Xpert MTB/RIF, China

Introduction
Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB) complex, is 
among the major global causes of morbidity and mortality.1,2 According to World 
Health Organization (WHO) estimates, over 10.0 million persons worldwide have 
developed incident TB and 1.4 million died from this disease in 2019.1 Meanwhile, 
an ongoing epidemic of drug-resistant tubercle bacilli has undermined gains made 
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in TB prevention and treatment.3 Early diagnosis of drug- 
resistant TB is important for reducing TB morbidity and 
mortality,4 prompting use of sputum culture and drug 
susceptibility testing (DST) as key tools for diagnosing 
drug-resistant TB.5 However, few tuberculosis control pro-
grams in low-income countries can utilize testing services 
available through phenotypic DST facilities, due to high 
testing costs and technical constraints.6 Moreover, culture- 
based acid-fast bacilli (AFB) testing and drug susceptibil-
ity testing (DST) are time consuming activities that require 
at least 8 weeks to yield interpretable results. Such pro-
longed test time to diagnosis often delays initiation of 
appropriate anti-TB treatment.7 Therefore, implementation 
of rapid and accurate laboratory diagnostic testing would 
likely lead to improved TB treatment outcomes and reduce 
the global burden of drug-resistant tuberculosis disease.8

Nucleic acid amplification technologies, such as poly-
merase chain reaction (PCR) amplification, could poten-
tially revolutionize rapid detection of MTB from clinical 
samples.9 Xpert MTB/RIF (Xpert, Cepheid, USA), an 
automated cartridge-based molecular assay, can detect 
MTB and rifampicin (RIF) resistance within two hours 
and has been endorsed by WHO to achieve rapid diagnosis 
of RIF-resistant TB.10 Although Xpert provides high over-
all sensitivity and specificity for detecting RIF-resistant 
MTB in various types of clinical samples,10 accumulating 
evidence obtained from case reports and small studies 
indicates that false-positive results supporting RIF resis-
tance are frequently obtained when Xpert MTB/RIF is 
used to test sputum specimens with very low bacterial 
loads.11,12 Thus, concerns about how to correctly interpret 
such Xpert results are growing, since Xpert results may 
greatly impact the clinical management of TB patients.

Bronchoscopy is commonly performed on smear- 
negative patients with presumed pulmonary TB and 
patients who are unable to produce adequate sputum.13,14 

As a consequence, bronchial lavage fluid (BALF) can 
serve as an alternative to sputum for increasing the diag-
nostic yield of laboratory examinations used to diagnose 
pulmonary TB cases.13 However, BALF samples are gen-
erally paucibacillary in nature and thus require sensitive 
techniques for MTB detection and characterization. 
Consequently, Xpert was initially embraced as a highly 
sensitive method and suitable method for testing of speci-
mens with very low bacterial loads, in spite of concerns 
associated with false-positive Xpert results. To address 
such concerns, here we assessed the effect of bacterial 
load on the Xpert accuracy for detection of RIF-resistant 

MTB in BALF specimens collected at a national TB 
specialized hospital in Beijing, China.

Materials and Methods
Study Design
This study was retrospectively conducted at Beijing Chest 
Hospital, a 612-bed tertiary hospital providing health care 
for patients afflicted with tuberculosis and other chest 
diseases. Patients with symptoms suggestive of pulmonary 
TB who provided BALF specimens for routine MTB 
detection between June 2019 and July 2020 were enrolled 
in this retrospective study. After 20 mL of normal saline 
was instilled into patient airways through bronchoscopy, 
a minimum of 10 mL of BALF was obtained. BALF 
specimens were subjected to laboratory testing that 
included Xpert MTB/RIF assays and phenotypic DST 
that were performed according to manufacturers’ 
instructions.13

Laboratory Examination
One milliliter of fresh BALF specimen was mixed with 
2 mL Xpert sample agent and the mixture was incubated 
for 15 min at room temperature with intermittent shaking. 
After completion of pretreatment, 2 mL of sample was 
added to the Xpert G4 cartridge for automatic processing. 
The results were automatically generated after a 2-hour 
amplification reaction. The bacterial load was categorized 
by the Xpert system semi-quantitatively in relation to 
sample positivity as high (Ct≤16), medium (Ct>16–22), 
low (Ct>22–28), and very low (Ct>28–38). Five probes 
were preloaded in the Xpert cartridge, including ProbeA, 
ProbeB, ProbeC, ProbeD, and ProbeE, the latter of which 
covered the 81-bp rifampicin resistance determining 
region (RRDR).

The remainder of the BALF specimen was decontami-
nated by addition of N-acetyl-L-cysteine-NaOH-Na citrate 
and the sample was vortexed for 30 seconds. Following 15 
min of incubation at room temperature, the decontaminated 
sample was neutralized by addition of phosphate buffer 
(pH=7.4) then centrifuged at 4000×g for 15 min. The super-
natant was discarded and the sediment was resuspended in 
2 mL PBS buffer; then, 0.5 mL of the suspension was 
inoculated into a MGIT tube supplemented with 10% 
OADC and PANTA. The tube was then loaded into the 
Bactec MGIT 960 system where it remained for 6 weeks 
or until it was flagged as positive by the machine readout. 
Rapid identification of positive mycobacterial cultures was 
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performed using a TibiliaTB Rapid Test kit (Chuangxin, 
Hangzhou). Briefly, 0.1 mL of liquid culture was transferred 
to the sample well. After incubation at room temperature for 
15 min, a pink band in the T region was interpreted as 
a positive result for MPT64 Ag to demonstrate the presence 
of MTB in the positive culture.

MTB-positive cultures were subcultured on 
Löwenstein-Jensen (L-J) medium for 4 weeks. Colonies 
were harvested and then subjected to phenotypic DST 
using a commercial microdilution method.15 Growth of 
MTB at a concentration of RIF of 1.0 mg/L was consid-
ered to be a positive test result for RIF resistance. All 
isolates were stored at −80°C in Middlebrook 7H9 med-
ium supplemented with 10% OADC and 5% glycerol.

DNA Amplification and Sequencing
Prior to DNA extraction, frozen MTB isolates were 
inoculated on L-J medium; then, 4-week-old bacteria 
were processed using a boiling method to extract crude 
genomic DNA as previously described.16 A 688-bp rpoB 
amplicon containing the RRDR was amplified using pub-
lished primer sets.15 PCR products were sent to the 
Tsingke Company (Beijing, China) for DNA sequencing 
after they were purified using the QIAquick PCR 
Purification Kit (Qiagen, Hilden, Germany) according to 
the manufacturer’s protocol. Automated sequencing was 
performed by capillary electrophoresis on an ABI3730 
(Thermo Fisher Scientific, Waltham, MA). DNA 
sequences were compared with the corresponding 
sequence of the reference MTB strain (H37Rv) using 
BioEdit software version 7.1.11 (http://www.mbio.ncsu. 
edu/bioedit/bioedit.html).

Statistical Analysis
Indicators used to evaluate Xpert performance related to 
detection of RIF-resistant MTB included sensitivity, spe-
cificity, positive predictive value (PPV), and negative pre-
dictive value (NPV), with Xpert results compared to 
results obtained via pDST, the gold standard. We per-
formed chi-square analysis to compare the performance 
of Xpert across subgroups based on bacterial load. 
Additionally, the Student’s t-test was used to assess differ-
ences involving continuous variables. Intergroup differ-
ences were declared significant if the P value was less 
than 0.05. All calculations were conducted using SPSS 
version 20.0 (IBM Corp. Armonk, NY, USA).

Ethics Statement
This study was conducted in accordance with the tenets of 
the World Medical Association’s Declaration of Helsinki 
and approved by the Ethics Committee of Beijing Chest 
Hospital, Capital Medical University (Approval 
No.:2016KY005). Because this study only included data 
obtained from clinical isolates and not from other patient 
record-based data, individual patient consent was waived.

Results
Patients
Between June 2019 and July 2020, BALF specimens 
obtained from a total of 3215 patients with suggestive 
TB symptoms were subjected to Xpert MTB/RIF testing 
at Beijing Chest Hospital. Of these cases, Xpert failed to 
identify the presence of MTB in 2090 patient specimens, 
while 23 specimens yielded invalid Xpert results. Finally, 
positive Xpert results from 1125 patients were included in 
our final analysis. As shown in Figure 1, numbers of 
patient BALF specimens with high, medium, low, and 
very low MTB bacterial loads were 56 (56/1125, 5.0%), 
266 (266/1125, 23.6%), 385 (385/1125, 34.2%) and 418 
(418/1125,37.2%), respectively. Notably, the RIF- 
resistance rate, as determined using Xpert for specimens 
with very low MTB bacterial loads, was 30.9% (129/418), 
a rate significantly higher than rates obtained for high (14/ 
56, 25.0%), medium (46/266, 17.3%) and low (74/385, 
19.2%) bacterial load groups (P<0.01).

Diagnostic Accuracy of Xpert Stratified 
to Bacterial Load
Next, Xpert MTB/RIF diagnostic accuracy for predicting 
RIF resistance was analyzed according to bacterial load, 
with results provided in Table 1. Of 1125 enrolled patients, 
970 (86.2%) yielded positive MTB cultures, of which 812 
(83.7%) yielded in vitro DST results. Based on conven-
tional DST results as a reference, the specificity of Xpert 
results obtained for MTB-positive specimens with very 
low bacterial load was only 85.9% (140/163), a rate sig-
nificantly lower than the overall rate obtained for speci-
mens with medium and low bacterial loads (>98.0%, 
P<0.01). In addition, significant differences were found 
among positive predictive values (PPVs) obtained across 
groups, with PPV obtained for the very low bacterial load 
group (47/70, 67.1%) markedly lower than PPVs of other 
groups (about 90.0%). Taken together, these results 
emphasize the high potential risk of obtaining false- 
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positive RIF-resistance results when testing BALF speci-
mens with very low MTB load (low positivity grade).

Interpretation of False-Positive Rifampicin 
Resistance
In order to explore the distribution of mutations within the 
rpoB gene for specimens with very low bacterial load, 
partial DNA fragments containing the rpoB RRDR region 
were analyzed using Sanger sequencing, with results sum-
marized in Table 2. Among the 129 cases with rpoB 
mutations that were detected using Xpert, 59 were 

excluded due to negative culture results. Ultimately, 
sequence results of 70 isolates were included in our ana-
lysis, of which 61 isolate sequences (87.1%) possessed 
Probe E rpoB mutations and 9 (12.9%) had non-ProbeE 
rpoB mutations. For 9 isolate sequences belonging to the 
non-Probe-E group, all (100.0%) were shown to harbor 
mutations that encoded amino acid substitutions within the 
rpoB RRDR sequence, including 4 with His526Tyr, 2 with 
Asp516Val, 1 with Leu511Pro, 1 with Gln513Pro, and 1 
with His526Leu substitutions. By contrast, RRDR 
sequences of 20 (32.8%) isolates that had been predicted 

Table 1 Diagnostic Accuracy of Xpert MTB/RIF Assay Stratified to Bacterial Load

Bacterial Load Xpert MTB/RIF DST Total Sensitivity (%, 95% CI) Specificity (%, 95% CI) PPV (%, 95% CI) NPV (%, 95% CI)

R S

High R 12 1 13 100.0 (100.0–100.0) 97.4 (92.5–100.0) 92.3 (77.8–100.0) 100.0 (100.0–100.0)

S 0 38 38

Total 12 39 51

Medium R 37 4 41 100.0 (100.0–100.0) 98.0 (96.1–99.9) 90.2 (81.2–99.3) 100.0 (100.0–100.0)

S 0 198 198

Total 37 202 239

Low R 54 5 59 98.2 (94.7–100.0) 98.0 (96.3–99.7) 91.5 (84.4–98.6) 99.6 (98.8–100.0)

S 1 247 248

Total 55 252 307

Very low R 47 23 70 90.4 (82.4–98.4) 85.9 (80.5–91.2) 67.1 (56.1–78.1) 96.6 (93.6–99.5)

S 5 140 145

Total 52 163 215

Notes: The bolded number represents the BALF samples with very low bacterial load has a significantly PPV compared with other groups. 
Abbreviations: DST, drug susceptibility testing; R, resistant; S, susceptible; PPV, positive predict value; NPV, negative predict value; CI, confidential interval.

Figure 1 Enrolment of participants in this study. 
Abbreviations: RIF, rifampicin; R, resistant; S, susceptible.
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to possess Probe E-associated rpoB RRDR mutations 
based on Xpert results tested negative for mutations via 
sequence analysis. For cases with very low bacterial load, 
we also analyzed mutation profiles among 23 MTB iso-
lates deemed RIF-susceptible based on DST results that 
tested as RIF-resistant based on Xpert results. Of 23 false- 
positive cases, 20 (87.0%) had no mutations within 
RRDR, while 3 had RRDR mutations encoding amino 
acid substitutions including 1(4.3%) with Leu511Pro, 1 
(4.3%) with His526Tyr, and 1 (4.3%) with Ser531Leu.

Discussion
The Xpert MTB/RIF assay has greatly shortened the time 
to diagnosis of TB and rifampicin-resistant TB.17 Since its 
endorsement by the WHO, many high-burden TB coun-
tries have started scaling-up use of this innovative assay; 
however, concerns about Xpert specificity for assessing 
RIF resistance have arisen due to silent mutations detected 
in the rpoB gene and delayed binding of a specific Xpert 
probe.11,12,18 Here we found that the Xpert assay had 
alarmingly low positive predictive value (67%) when 
used to evaluate BALF specimens with very low MTB 
load for RIF resistance, whereas this assay had an accep-
table positive predictive value (>90%) when used to eval-
uate specimens with greater bacterial loads. Therefore, we 
hypothesize that false-positive RIF resistance results 
obtained using Xpert are caused by delayed binding of 
the rpoB probe to target DNA under low bacterial load 
conditions as the major explanation for significantly and 
incorrectly high RIF-resistance rates obtained for samples 

with very low bacterial loads. It is well recognized that 
RIF resistance results obtained using Xpert assay are inter-
preted based on the universal >4 cycle difference in Ct 
values between probes.15 Thus, the risk of obtaining diag-
nostic false-negative Xpert RIF-resistance results using 
any rpoB probe is greater when samples with low MTB 
load are tested, due to inefficient amplification at low 
MTB loads. Indeed, false-positive results may have led 
to incorrect RIF results in a recent population-based study 
conducted in Rwanda. In that study, 86% of patients with 
very low bacillary load were falsely diagnosed with RIF- 
resistant TB based on Xpert results.19 Meanwhile, differ-
ences in positive predictive values between studies have 
reflected the diversity of RIF-resistance rates across 
regions.

Variations in Xpert performance with respect to clinical 
interpretation of RIF susceptibility have important implica-
tions for testing of BALF samples. On one hand, approxi-
mately one-third of BALF specimens have extremely low 
bacterial loads and thus would be expected to have increased 
rates of false-positive RIF-resistance results. As a solution, 
repeat testing of a second specimen would reduce the Xpert 
false-positive RIF-resistance rate. On the other hand, the 
relatively high cost of Xpert MTB/RIF cartridges precludes 
use of repeat testing in low-income countries. However, when 
the Xpert assay cannot provide a reliable result due to low 
bacterial load in the specimen, centrifugation could ideally be 
used to concentrate MTB within the sample.14 Further work 
is urgently needed to determine if Xpert performance would 
improve when applied to centrifuged BALF samples obtained 
from patients with symptoms suggestive of TB.

Notably, it is highly likely that a high frequency of 
Probe E hybridization failure occurred during Xpert PCR 
amplification of rpoB regions. In line with this speculation, 
Ocheretin and colleagues found that a false-positive RIF- 
resistance result was due to unequal dynamics of probe/ 
wild-type target hybridization between Probe E and other 
probes after an extended number of PCR cycles.12 Our 
Sanger sequencing results confirmed that approximately 
one-third of RIF-resistant cases detected using Xpert 
with Probe E lacked rpoB RRDR mutations, suggesting 
that low bacterial load had a pronounced effect on the 
results by delaying Probe E binding. In other words, RIF- 
resistant cases that were detected based on Probe 
E hybridization as based on samples with very low bacter-
ial load had greater odds of generating false-positive 
results than when other probes were used. Worldwide, 
the most frequent mutation conferring RIF resistance 

Table 2 Sequence Analysis of Cases Detected by Xpert MTB/RIF 
in BALF Samples with Very Low Bacterial Load

Mutation Detected 
by Xpert MTB/RIF 
(n=70)

Sequencing 
Results

Percentage of 
Isolates with RRDR 

Mutationsa

Non-Probe E (n=9) Leu511Pro (n=1) 100.0%
Gln513Pro(n=1)

Asp516Val(n=2)
His526Leu(n=1)

His526Tyr(n=4)

Probe E (n=61) Ser531Leu 

(n=41)

67.2%

Wild-type 
(n=20)b

Notes: aRRDR, rifampin resistance determining region. bOf 23 false-positive cases, 
20 (87.0%) had no mutation within RRDR, 1 had Leu511Pro, 1 had His526Tyr, and 1 
had Ser531Leu substitution.
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occurs within the RRDR at rpoB codon 531,20 which 
specifically binds Xpert Probe E. Therefore, RIF resistance 
results obtained using Xpert for specimens with very low 
bacterial load require more careful interpretation that do 
other specimens, due to the high potential for false posi-
tive-results resulting from delayed binding of Probe E.

Our study had several limitations. First, as based on 
results of previous studies, in addition to Probe E, Probe 
B has also been associated with false-positive RIF- 
susceptibility results.11 However, due to the small sample 
size of cases with mutations in Probe B-binding region of 
rpoB, we could not verify this result in our cohort. 
Second, the small number of false-positive RIF resistance 
cases also made it difficult to obtain statistically unbiased 
results for these cases. Third, heteroresistance is another 
potential explanation for discordant RIF susceptibility 
results between different methods.21 It should be noted 
that Sanger sequencing was conducted on the genomic 
DNA of MTB strains isolated from patients. As 
a consequence, dynamic changes that occur in bacterial 
populations during subculture may lead to discordance 
between Xpert and DNA sequencing results, a factor 
that was not investigated here. Fourth, due to inherent 
drawbacks associated with retrospective study design 
and high Xpert testing costs, we did not repeat Xpert 
testing of BALF samples at very low bacterial loads. 
Finally, the WHO recently endorsed the use of novel 
Xpert Ultra, which has greater specificity for diagnosing 
pulmonary and extrapulmonary TB.22 Therefore, the 
accuracy of this novel assay for testing of specimens 
with very low bacillary loads should be assessed in the 
future.

In conclusion, our data demonstrate that the Xpert MTB/ 
RIF assay has alarmingly low positive predictive value for 
assessing RIF resistance in BALF specimens with very low 
bacterial loads. A high frequency of Probe E hybridization 
failure was the main driver of false-positive RIF resistance 
results. Therefore, Xpert results obtained for specimens with 
very low bacterial load require careful interpretation. Further 
postimplementation field studies are urgently needed to 
determine if Xpert Ultra would overcome inherent short-
comings of the classic Xpert assay.
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