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Mixed Mycobacterium tuberculosis Complex Infections and False-
Negative Results for Rifampin Resistance by GeneXpert MTB/RIF Are
Associated with Poor Clinical Outcomes

Nicola M. Zetola,a,c,d Sanghyuk S. Shin,h Kefentse A. Tumedi,a Keletso Moeti,b Ronald Ncube,e Mark Nicol,f Ronald G. Collman,g

Jeffrey D. Klausner,h Chawangwa Modongoa,c

Botswana-UPenn Partnership, Gaborone, Botswanaa; National Health Laboratories, Gaborone, Botswanab; Division of Infectious Diseases, University of Pennsylvania,
Philadelphia, Pennsylvania, USAc; School of Medicine, University of Botswana, Gaborone, Botswanad; Botswana National Tuberculosis Program, Ministry of Health,
Gaborone, Botswanae; Division of Medical Microbiology and Institute for Infectious Diseases and Molecular Medicine, University of Cape Town, Cape Town, South Africaf;
Division of Pulmonary and Critical Care Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USAg; Division of Infectious Diseases, University of California—
Los Angeles, Los Angeles, California, USAh

The Xpert MTB/RIF (Xpert) assay is becoming a principal screening tool for diagnosing rifampin-resistant Mycobacterium tu-
berculosis complex (MTBC) infection. However, little is known about the performance of the Xpert assay in infections with both
drug-sensitive and drug-resistant strains (mixed MTBC infections). We assessed the performance of the Xpert assay for detect-
ing rifampin resistance using phenotypic drug sensitivity testing (DST) as the reference standard in 370 patients with microbio-
logically proven pulmonary tuberculosis. Mixed MTBC infections were identified genetically through 24-locus mycobacterial
interspersed repetitive-unit–variable-number tandem-repeat (MIRU-VNTR) analysis. Logistic regression was used to identify
the factors associated with poor (defined as treatment failure, default, and death from any cause) or good (defined as cure or suc-
cessful treatment completion) clinical outcomes. The analytic sensitivity of the Xpert assay for detecting rifampin resistance was
assessed in vitro by testing cultures containing different ratios of drug-sensitive and drug-resistant organisms. Rifampin resis-
tance was detected by the Xpert assay in 52 (14.1%) and by phenotypic DST in 55 (14.9%) patients. Mixed MTBC infections were
identified in 37 (10.0%) patients. The Xpert assay was 92.7% (95% confidence interval [CI], 82.4% to 97.9%) sensitive for detect-
ing rifampin resistance and 99.7% (95% CI, 98.3% to 99.9%) specific. When restricted to patients with mixed MTBC infections,
Xpert sensitivity was 80.0% (95% CI, 56.3 to 94.3%). False-negative Xpert results (adjusted odds ratio [aOR], 6.6; 95% CI,1.2 to
48.2) and mixed MTBC infections (aOR, 6.5; 95% CI, 2.1 to 20.5) were strongly associated with poor clinical outcome. The Xpert
assay failed to detect rifampin resistance in vitro when <90% of the organisms in the sample were rifampin resistant. Our study
indicates that the Xpert assay has an increased false-negative rate for detecting rifampin resistance with mixed MTBC infections.
In hyperendemic settings where mixed infections are common, the Xpert results might need further confirmation.

Tuberculosis (TB) is one of the leading causes of morbidity and
mortality worldwide. Global efforts to control TB have been

seriously challenged by the emergence of drug-resistant TB, in-
cluding multidrug-resistant TB (MDR-TB) (1). MDR-TB, de-
fined as TB caused by mycobacteria that are resistant to at least
isoniazid and rifampin, is associated with worse clinical outcomes,
and its treatment is expensive, lengthy, and complex. However,
several studies have shown that high cure rates are achievable if
appropriate treatment is initiated early (2, 3). Diagnostic delays
with MDR-TB are associated with worse clinical outcomes and
increased transmission (4).

Traditionally, a diagnosis of MDR-TB infection requires my-
cobacterial culture and phenotypic drug susceptibility testing
(DST) (1). This approach requires relatively advanced laboratory
capacity, is labor-intensive, and takes 1 to 3 months before the
results are available. In 2011, the World Health Organization rec-
ommended the use of rapid molecular genotyping methods over
conventional phenotypic methods for DST at the initial diagnosis
(4). Rapid genotypic tests, which can diagnose resistance to rifam-
pin alone or to rifampin and isoniazid within 2 h of testing, have
demonstrated good overall concordance with phenotypic DSTs
for MDR-TB (5). The Xpert MTB/RIF assay (Xpert) (Cepheid,
Sunnyvale, CA, USA) is a rapid, automated, and cartridge-based
genotypic test that can simultaneously detect Mycobacterium tu-

berculosis complex (MTBC) and rifampin resistance (6). Because
of its ease of use and rapid results, the Xpert assay has been widely
implemented, particularly in resource-limited settings in which
TB is highly endemic.

Until recently, each TB episode was assumed to be caused by a
single clonal MTBC strain. However, molecular-based studies
have demonstrated that TB may be caused by multiple strains in
the same patient (7–12). Far from being uncommon, mixed
MTBC infections have been reported in up to 50% of TB cases
from certain settings in which TB is endemic (7–12). Because
drug-susceptible TB is still the most prevalent type of TB circulat-
ing in most communities, MDR-TB patients may have concurrent
infections with drug-susceptible MTBC strains (13). Thus, estab-
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lishing the performance of Xpert among patients with mixed in-
fections is crucial. However, we are aware of only one study that
investigated the performance of the Xpert assay in clinical sputum
samples containing both sensitive and resistant strains (14). Here,
we integrate clinical, epidemiologic, microbiological, and molec-
ular approaches to illustrate the potential problems arising from
the use of the Xpert assay for the routine detection of rifampin-
resistant MTBC strains in settings in which TB is hyperendemic.

MATERIALS AND METHODS
Setting. This study was conducted in Botswana, a sub-Saharan African
country with a human immunodeficiency virus (HIV) prevalence of 18%,
an annual TB incidence rate of 506/100,000 population, and increasing
rates of MDR-TB. MDR-TB prevalence has increased by �12-fold from
1996 to 2008 among new TB patients, from 0.2% in 1996 to 2.5% in 2008
(15, 16). The Botswana National TB Program is in the process of scaling
up the implementation of Xpert testing nationally. The Xpert assay re-
sults, including rifampin resistance test results, have been recommended
for guiding initial therapy until phenotypic DST results are available (15).

Study patients. This retrospective cohort study included adult pa-
tients (�18 years old) who, between 1 January 2011 and 30 March 2012,
were diagnosed with pulmonary TB (PTB) by positive Xpert assay results
for M. tuberculosis and positive baseline sputum cultures (Fig. 1).

Sputum sample collection and testing. In accordance with the Bo-
tswana national guidelines for the laboratory diagnosis of PTB, two indi-
vidual self-collected samples were collected on the first clinical encounter,

and one overnight sample was provided by the patient on the following
day. Sputum samples from patients at high risk for MDR-TB infections
were routinely cultured on Mycobacteria Growth Indicator Tube (MGIT)
medium (Fig. 1). All positive cultures underwent first-line DST (see be-
low).

According to the national recommendations existing at that time, one
of the individual spot samples from the first encounter was used for Xpert
testing only, and the second individual spot sample was submitted to the
National TB Reference Laboratory for both acid-fast bacilli (AFB) smear
and culture. The indications for Xpert testing included: (i) individuals
known or suspected to have PTB who were considered at high risk for
MDR-TB, (ii) persons who had been treated with anti-TB drugs and in
whom PTB had again been diagnosed, i.e., all retreatment categories (fail-
ure, default, and relapse), (iii) all persons who were living with HIV in-
fection and had signs or symptoms of TB, (iv) patients who were seriously
ill and suspected of having TB regardless of HIV status, and (v) patients
with unknown HIV status presenting with clinical evidence of HIV infec-
tion and signs or symptoms of PTB. During the study period, all PTB
patients who tested MTBC positive on the Xpert assay were also tested
with phenotypic DST (15). All overnight samples were submitted to the
National Reference TB Laboratory for AFB and culture. All samples were
collected before treatment initiation. All Xpert testing and cultures were
performed on individually collected samples. No sputum sample was split
for simultaneous Xpert testing and culture.

Data collection. The data were extracted from paper medical records
and electronic databases at the TB clinics, the Botswana National Tuber-
culosis Program, and the Botswana National Tuberculosis Reference Lab-
oratory. The data collected included the patient demographics, semiquan-
titative bacillary load by microscopy AFB, history of TB treatment,
treatment category, clinical outcomes, HIV serostatus, and CD4� cell
count, along with the use of antiretroviral therapy (ART) in HIV-positive
cases.

Procedures for Xpert testing. Xpert testing was performed on sputum
samples, using version 4 cartridges, according to the manufacturer’s rec-
ommendations. First, the Xpert assay sample reagent (containing NaOH
and isopropanol) was added in a 2:1 ratio to the tubes to kill the myco-
bacteria and liquefy the sample. The mixture was vigorously shaken and
allowed to sit for 10 min before being shaken again and allowed to sit for
another 5 min. Finally, 2 ml was pipetted into the Xpert assay cartridge
and inserted into the GeneXpert instrument for PCR testing. The mea-
surement and analysis were conducted automatically and reported by the
GeneXpert Dx software (version 4.0).

Cultures and phenotypic DST. The MTBC culture and first-line phe-
notypic DST were performed at the National Tuberculosis Reference Lab-
oratory, Botswana. DST for second-line drugs was performed at the Re-
gional TB Referral Laboratory in South Africa on all isolates that were
found to be resistant to isoniazid and rifampin. All sputum samples were
processed using the N-acetyl-L-cysteine and sodium hydroxide (NaOH)
method, with a final concentration of 1% NaOH, and then cultured on
MGIT 960 medium. Cultures failing to produce a positive result within 6
weeks were defined as negative for MTBC infection. We checked for con-
tamination by identifying rapidly growing organisms and those with mor-
phologies that were inconsistent with MTBC. MTBC strains grown on
MGIT medium were tested for drug susceptibility using previously de-
scribed methods (40, 41). Both laboratories used the proportion method
on Lowenstein-Jensen (LJ) solid medium and the internationally recom-
mended concentrations of antibiotics to determine drug susceptibilities
for first- and second-line drugs. A breakpoint of 1.0 �g/ml was used to
determine resistance to rifampin on MGIT 960.

DNA extraction and genotyping. We extracted chromosomal DNA
by boiling a suspension of mycobacteria in Tris-HCl and EDTA buffer, as
previously described. We performed spoligotyping using previously de-
scribed methods and assigned spoligotype families based on published
definitions (17–19). We performed standardized 24-locus mycobacterial
interspersed repetitive-unit–variable-number tandem-repeat (MIRU-

FIG 1 Diagnostic workflow for retrospective cohort of adult patients (�18
years old) diagnosed with pulmonary tuberculosis based on Xpert MTB/RIF
assay results and culture-positive baseline sputum cultures between 1 January
2012 and 30 March 2013. LJ, Lowenstein-Jen; RIF, rifampin.
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VNTR) typing (20) and classified the patterns based on reference patterns
in the MIRU-VNTRplus database (21, 22).

Definitions. Definitive mixed MTBC infections were defined by the
presence of strains with different 24-locus MIRU-VNTR patterns at �2
loci in the same sputum sample. Probable mixed MTBC infections were
defined by the presence of distinct MIRU-VNTR patterns at a single dou-
ble locus. A phenotypic discordant DST result for rifampin resistance was
defined by the detection of at least one susceptible isolate and one resistant
isolate by phenotypic DST within the same patient. Genotypic/pheno-
typic discordant DST results were defined as MTBC infection with rifam-
pin resistance results that were different between the Xpert assay and
phenotypic DST.

We used the World Health Organization (WHO) definitions for treat-
ment outcomes based on routinely collected programmatic data (42).
Cured was defined as a patient with a positive culture at the beginning of
treatment but a negative culture in the last month of treatment and on at
least one previous occasion. Treatment completion was defined as “a pa-
tient who completed treatment without evidence of failure but with no
record to show that the sputum smear or culture results in the last month
of treatment and on at least one previous occasion were negative, either
because the tests were not done or because results are unavailable” (42).
Treatment failure was defined as a patient with a positive culture �5
months after beginning treatment. Default from treatment was defined as
a patient whose treatment was interrupted for �2 consecutive months.
Dead was defined as death from any cause that occurred during the course
of treatment. For analysis, we divided those outcomes into poor and good.
Poor clinical outcomes were defined as treatment failure, default, or death
from any cause. Good clinical outcomes were defined as bacteriologic cure
or successful treatment completion based on routinely collected data.

Statistical analysis. Patients were categorized based on the Xpert
MTB/RIF assay results as rifampin resistant or rifampin susceptible. The
patients were characterized using simple descriptive statistics. We calcu-
lated the sensitivity, specificity, positive predictive value, and negative
predictive value of the Xpert assay for detecting rifampin resistance using
phenotypic DST as the reference standard. We also stratified these esti-
mates by the presence or absence of mixed MTBC infections. The charac-
teristics and outcomes of patients with Xpert assay results showing rifam-
pin resistance or rifampin susceptibility were compared using the
Wilcoxon rank-sum test, the Student t test, and Fisher’s exact test, as
appropriate. Logistic regression analysis was used to determine the effect
of false-negative Xpert assay results (for rifampin resistance) on poor
clinical outcome.

In vitro mixed MTBC infection analysis. Four different MTBC
strains with high levels of rifampin resistance (by phenotypic DST) and an
M. tuberculosis H37RV pansensitive control strain were used to calculate
the in vitro Xpert assay performance for detecting rifampin resistance in
mixed MTBC infections. Dilutions containing each strain were obtained
through standard methods using 1 McFarland standard solution and ster-
ile water. The cultures were quantitated by comparison to McFarland
turbidity standards diluted in sterile water. The quantitated strains were
serially diluted in sterile distilled water (dH2O), vortexing after each dilu-
tion, to final concentrations of 102, 103, 104, 106, and 108 CFU/ml. When
making dilutions, the solutions were mixed by vortexing. Solutions con-
taining mixtures of different concentrations of pansensitive and MDR
strains were prepared and tested using the Xpert assay.

Ethics. This study was approved by the Human Research Develop-
ment Committee (HRDC) at the Botswana Ministry of Health, the Prin-
cess Marina Hospital Ethics Committee, and the University of Pennsylva-
nia Institutional Review Board (IRB).

RESULTS
Determination of Xpert assay performance for the detection of
rifampin resistance in sputum samples from culture-positive
pulmonary TB patients from a setting in which TB and HIV are
hyperendemic. During the study period, 370 patients fulfilled the

inclusion criteria for the study. All patients had at least one base-
line Xpert assay result that was positive for MTBC and positive
cultures, and 279 (75.4%) patients were infected with HIV. Fifty-
two (14.1%) of the 370 patients tested positive for rifampin resis-
tance on the Xpert assay (Table 1). Mixed MTBC infections were
identified in 37 (10%) patients, all of whom had definitive mixed
MTBC infections based on distinct patterns at two or more loci on
the MIRU-VNTR analyses. Out of the 37 patients with mixed
MTBC infections, 7 (18.9%) had phenotypic DST discordant re-
sults (at least one rifampin-susceptible and one rifampin-resistant
isolate among the infecting strains). The other characteristics of
the subjects are shown in Table 1.

Among the 52 patients who tested positive for rifampin resis-
tance by the Xpert assay, 11 (21.2%) were new to treatment, 21
(40.4%) were retreatment cases with a history of prior use of first-
line antituberculosis treatment only, and 20 (38.3%) cases had a
prior MDR-TB history. In accordance with national guidelines,
131 (35.4%) were initiated on category I treatment and 183
(48.6%) were started on category II treatment. All patients who
tested positive for rifampin resistance (52 [13.8%]) by the Xpert
assay were initiated on MDR-TB treatment.

When the Xpert assay results for rifampin resistance were com-
pared against phenotypic DST results, 5 results were discordant
(Table 2). One sample showed resistance to rifampin in the Xpert
results but not on phenotypic DST (false-positive Xpert assay re-
sult for rifampin resistance). Four samples had genotypic/pheno-
typic discordant DST results showing resistance to rifampin but
negative Xpert assay results for such resistance (false-negative
Xpert assay result for rifampin resistance). All five discordant
samples had evidence of genotypic mixed MTBC infection, but
only the four leading to false-negative Xpert assay results had phe-
notypic discordant DST patterns (one strain being rifampin sus-
ceptible and the other rifampin resistant).

Using phenotypic DST as the reference standard, the overall
sensitivity of the Xpert assay for detecting rifampin resistance in
our population was 92.7% (n � 51/55; 95% confidence interval
[CI], 82.4% to 97.9%), and its overall specificity was 99.7% (n �
314/315; 95% CI, 98.3% to 99.9%). In our study population, with
a prevalence of 14.9% (n � 55/370; 95% CI, 11.4% to 18.9%) for
rifampin resistance, the positive and negative predictive values
were 98.1% (n � 51/52; 95% CI, 89.7% to 99.8%) and 98.7% (n �
314/318; 95% CI, 96.8% to 99.7%), respectively. However, when
the analysis was restricted to patients with mixed MTBC infec-
tions, the Xpert assay showed a sensitivity of 80.0% (n � 16/20;
95% CI, 56.3% to 94.3%) for rifampin resistance (Table 2).

Sixty-seven of 370 (18.1%) patients had poor clinical outcomes
during the follow-up: 20 (5.4%) died during treatment and 31
(8.4%) failed treatment. Forty-six (12.4%) patients were still on
therapy at the time of this analysis and were excluded from anal-
yses pertaining to treatment outcome. The multivariate analysis
showed that a genotypic/phenotypic discordant DST result (ad-
justed odds ratio [aOR], 6.6; 95% CI, 1.2 to 48.2) and mixed
MTBC infections (adjusted odds ratio [aOR], 6.5; 95% CI, 2.1 to
20.5) were significantly associated with poor clinical outcomes
(Table 3). In HIV-infected subjects, a CD4 T-cell count of �100
cells/ml was also associated with poor outcome (aOR, 9.4; 95% CI,
2.7 to 32.6).

Determination of in vitro performance of Xpert assay on
samples with concurrent populations of rifampin-susceptible
and rifampin-resistant M. tuberculosis. The Xpert assay failed to
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identify subpopulations of rifampin-resistant strains of M. tuber-
culosis DNA mixed with a wild-type RNA polymerase beta (rpoB)
sequence when they accounted for �90% of the mixture. The
Xpert assay detected rifampin resistance only half the time when
the concentrations of the rifampin-resistant subpopulations were
between 90 and 99% of the mixture. The Xpert assay consistently
identified the presence of rifampin-resistant subpopulations
when their concentrations were �99%. Concentrations of rifam-
pin-resistant isolates �108 CFU/ml consistently showed Xpert as-
say results for rifampin resistance regardless of the concentrations
of the wild-type isolates.

DISCUSSION

The Xpert is a genotypic test that is increasingly used to screen for
rifampin resistance (23). While the Xpert assay has the ability to
simultaneously test for a larger number of rpoB mutations, it is not
able to detect all mutations that cause rifampin resistance (6, 14).

Furthermore, as shown in this study, the presence of wild-type
sequences, which are detected by the probes, along with resistant
sequences may make this approach intrinsically more susceptible
to false-negative results in settings of mixed target MTBC popu-
lations.

Inconsistent results between the Xpert assay and phenotypic
DST have been recognized (24–29). We identified only one case
with positive Xpert assay and negative phenotypic DST results for
rifampin resistance. While this might represent a true false-posi-
tive result, the lack of the rpoB gene sequence of the two strains
identified in the sample precludes definitive conclusions. Prior
studies reported that some patients with positive Xpert but nega-
tive phenotypic DST results for rifampin resistance (generally
considered Xpert false positives) in fact have mutations associated
with a rifampin-resistant phenotype (in spite of repeated and con-
sistent negative results for rifampin resistance on phenotypic
DST) (24–27), suggesting that some supposedly false-positive

TABLE 1 Clinical characteristics of study patients

Patient characteristic
No. (%) of patients
(n � 370)a

Rifampin sensitive by
Xpert (n � 318)

Rifampin resistant by
Xpert (n � 52) P value

Age (median [IQR]) (yr)a 37 (31–44) 38 (32–44) 36 (30–43) 0.51

Age category (no. [%]) 0.49
21–29 yr 78 (21.1) 63 (19.8) 15 (28.9)
30–39 yr 182 (49.2) 159 (50.0) 23 (44.2)
40–49 yr 63 (17.0) 56 (17.6) 7 (13.5)
�50 yr 47 (12.7) 40 (12.6) 7 (13.5)

Sex (no. [%]) 0.22
Male 221 (59.7) 186 (58.6) 35 (67.3)
Female 149 (40.3) 132 (41.4) 17 (32.7)

History of prior TB treatment (no. [%]) �0.001
Never treated for TB 142 (38.4) 131 (41.2) 11 (21.2)
Received only first-line drugs in the past 204 (55.1) 183 (57.6) 21 (40.4)
Received second-line drugs in the past 24 (6.5) 4 (1.3) 20 (38.5)

Treatment category (current episode) (no. [%])b �0.001
Initial treatment with first-line drug 131 (35.4) 131 (41.2) 0
Retreatment regimen with first-line drug 183 (49.5) 183 (57.6) 0
Second-line treatment regimen 56 (15.1) 4 (1.3) 52 (100.0)

HIV infected (no. [%]) 279 (75.4) 238 (74.8) 41 (78.9) 0.53
CD4 cell count (median [IQR]) (cells/ml) 209 (111–331) 210 (120–342) 198 (85–291) 0.18

CD4 cell count category (no. [%]) 0.69
�100 cells/ml 54 (19.4) 44 (18.1) 10 (26.2)
100–199 cells/ml 74 (26.5) 64 (27.0) 10 (23.8)
200–350 cells/ml 88 (31.5) 74 (31.2) 14 (33.3)
�350 cells/ml 63 (22.6) 56 (23.6) 7 (16.7)

Mixed TB infections (no. [%]) 37 (10.0) 20 (6.3) 17 (32.7) �0.001

Clinical outcomes (no. [%]) �0.001
Cured 251 (67.8) 220 (69.2) 31 (59.6)
Completed treatment 6 (1.6) 0 6 (11.5)
Death 20 (5.4) 19 (6.0) 1 (1.9)
Failed therapy 31 (8.4) 26 (8.2) 5 (9.6)
Defaulted 16 (4.3) 15 (4.7) 1 (1.9)
Still on treatment 46 (12.4) 38 (12.0) 8 (15.4)

a IQR, interquartile range.
b As defined by the World Health Organization (WHO 2013).
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Xpert test results may be accurate and actually reflect insufficient
phenotypic DST sensitivity. Low-level but probably clinically rel-
evant rifampin resistance is sometimes missed by standard
growth-based methods, particularly the automated broth-based
systems (29). However, the clinical course and response to treat-
ment of this subpopulation of patients remains largely unknown,
highlighting some of the intrinsic difficulties of interpreting dif-
ferences between genotypic and phenotypic resistance testing in
clinical and public health practice (30, 31).

The causes of false-negative Xpert assay results for rifampin
resistance have received less attention in the literature (32). The
sensitivity of the Xpert assay for detecting rifampin resistance has
been reported to be between 60% to almost 100%, depending on
the characteristics of the population being tested and the bacterial
loads in their samples (6, 24, 28, 33). However, the effect of mixed
MTBC infections on the performance of the Xpert assay has not
been fully studied. Although prior authors have shown decreased
sensitivity with the Xpert assay for detecting rifampin resistance
among samples with mixed MTBC strains (6, 14, 34, 35), to our
knowledge, this is the first study to systematically look into this
issue under programmatic conditions and with linkage to clinical
outcomes.

Several authors have also shown a reduced sensitivity of the
Xpert assay for detecting rifampin resistance among HIV-infected
patients, occurring at increased frequency with advanced immu-
nosuppression (24, 25, 28, 36). Our results also showed such an
association in the univariate analyses. However, our multivariate
analysis showed that mixed MTBC infections confounded the as-
sociation between HIV infection and false-negative Xpert test re-
sults for rifampin resistance, although our ability to distinguish
these factors is limited by statistical power (data not shown). In
this context, it seems possible that the previously reported associ-
ation between HIV infection and false-negative Xpert test results
for rifampin resistance might reflect an increased prevalence of
mixed MTBC infections among patients with advanced immuno-
suppression (11, 12).

Prior studies have shown that the Xpert assay is capable of
detecting the presence of rifampin resistance mutations down to a
concentration of 40% mutant DNA. The identification of the mu-
tant strains becomes easier as more mutant DNA is present in the
mixture, but mutant strains were not identifiable in DNA mix-
tures with 10, 20, and 30% mutant DNA (35). Our mixing studies
are consistent with prior studies demonstrating that the propor-
tion of mutant DNA required for detecting rifampin resistance
was dependent on the type of mutation (6, 24, 35, 37). Thus, it is
expected that test performance for detecting rifampin-resistant
strains in mixed infections may vary depending on the specific
mutations present in the community. We were not able to deter-
mine the specific rpoB mutations present in our subjects. Future
studies are needed to determine whether the type of rpoB muta-
tion impacts the performance of the Xpert assay in the context of
mixed infections.

Most programs using Xpert testing as part of the diagnostic
workup for patients with suspicion of TB use these results to guide
the selection of TB treatment. If the Xpert assay detects rifampin
resistance in patients considered to be at risk for MDR-TB, an
appropriate MDR-TB regimen is started while additional sputum
specimens are obtained for culture and phenotypic DST. How-
ever, phenotypic DST results become available several weeks after
treatment initiation. Consistent with prior reports, we found that
the failure to treat subpopulations of rifampin-resistant strains is
strongly associated with poor clinical outcomes. In our study, all
patients who started on a suboptimal antituberculosis treatment
regimen due to failure to detect rifampin resistance at the time of
treatment initiation had poor clinical outcomes. Thus, the clinical
and public health importance of mixed MTBC infections are sig-
nificant.

Our findings should be interpreted in the context of the study
limitations. Given that the Botswana guidelines have specific cri-
teria for the use of the Xpert assay in the workup of patients, our
sample was highly selected and may not represent the general pop-
ulation of TB patients. HIV-infected patients, MDR-TB patients,

TABLE 2 Detection of rifampin resistance by the Xpert MTB/RIF assay and phenotypic drug susceptibility testing by mixed infection status and
treatment outcomea

Outcome and infection type by
MIRU-VNTRa result

No. of samples with phenotypic rifampin
susceptibility and indicated Xpert
rifampin resistance result/total no. (%)

No. of samples with phenotypic
rifampin resistance and indicated Xpert
rifampin resistance result/total no. (%)

Susceptible Resistant Susceptible Resistant

All outcomes
All patients 314/315 (99.7) 1/315 (0.3) 4/55 (7.2) 51/55 (92.7)
Mixed infection 16/17 (94.1) 1/17 (5.9) 4/20 (20.0) 16/20 (80.0)
No evidence of mixed infection 298/298 (100) 0/298 (0) 0/35 (0) 35/35 (100)

Good (cure or successful treatment
completion)b

All patients 220/220 (100) 0/220 (0) 0/37 (0) 37/37 (100)
Mixed infection 5/5 (100) 0/5 (0) 0/9 (0) 9/9 (100)
No evidence of mixed infection 215/215 (100) 0/215 (0) 0/28 (0) 28/28 (100)

Poor (treatment failure, default, or death)b

All patients 56/57 (98.2) 1/57 (1.8) 4/10 (40.0) 6/10 (60.0)
Mixed infection 10/11 (90.9) 1/11 (9.1) 4/8 (50.0) 4/8 (50.0)
No evidence of mixed infection 46/46 (100) 0/46 (0) 0/2 (0) 2/2 (100)

a Mycobacterial interspersed repetitive-unit–variable-number tandem-repeat (MIRU-VNTR) analysis.
b Forty-six patients were still under treatment at the time of the analysis and were therefore not included in treatment outcome section (i.e., good or poor treatment outcome).
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and patients at higher risk for poor clinical outcomes are overrep-
resented in this study. The lack of data regarding the prevalence of
mixed MTBC infections in Botswana precludes us from any com-
parison regarding their prevalence in our sample versus that in the
general TB population. It also seems likely that mixed MTBC in-
fections were overrepresented in our sample. A significant limita-
tion of our mixing studies is the lack of genome sequencing to
determine the rpoB mutation being tested. In addition, our assess-
ments of phenotypic and genotypic resistance were performed on
separate (individual) samples as opposed to split single samples,
making it possible that the strain diversity and composition of the
cultured samples (which eventually had phenotypic DST) were
different than those tested by the Xpert assay. Further, our ability
to detect mixed MTBC infections may have been compromised by
not having tested unprocessed sputum samples for the presence of
resistant strains (directly in the sputum sample), given that cul-
tures can alter the strain composition present in the initial sample
(8, 38, 39).

By integrating epidemiologic, microbiological, and molecular
strain typing data with in vitro experiments, our study demon-
strates that the ability of the Xpert assay to detect rifampin resis-
tance may be compromised in settings of mixed MTBC infection
with strains possessing heterogeneous phenotypic DST patterns.
In addition, we confirmed the major clinical and public health
importance of such false-negative Xpert results for rifampin resis-
tance, given its strong association with poor treatment outcomes.
The increasing recognition of mixed MTBC infections in regions
of high TB endemicity, which includes areas of high MDR-TB
prevalence, represents a significant challenge for the use of the
Xpert assay in these settings.

In conclusion, the Xpert assay represents a major advance in
TB diagnostics and has shown good performance for diagnosing
TB and detecting rifampin resistance in most settings. However,
clinicians must be aware of the limitations of the assay when in-
terpreting the Xpert test results. Given that mixed MTBC infec-
tions may be responsible for false-positive and -negative results,
particularly in HIV-infected patients, caution is advised when us-
ing the Xpert test results to decide on the initial TB treatment
regimen in settings in which TB and HIV are hyperendemic. In
particular, clinicians should have a high index of suspicion for
MDR-TB in patients failing first-line therapy even when the Xpert
test results show rifampin susceptibility.
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