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Rationale: Extensively drug-resistant (XDR) tuberculosis (TB) may
arise in individuals on treatment for multidrug-resistant (MDR) TB.
Preventing this amplification of resistance will likely improve clinical
outcomes and delay the secondary spread of XDR-TB.
Objectives: To measure the proportion of individuals that develops
XDR-TB during the course of MDR-TB treatment, and to identify
those factors associated with the development of XDR.
Methods: We performed a retrospective analysis of 608 consecutive
patients with documented MDR-TB who were started on MDR-TB
treatment between September 10, 2000 and November 1, 2004 in
the Tomsk Oblast TB Treatment Services in Western Siberia, Russian
Federation.
Measurements and Main Results: A total of 6% of patients were
observed to develop XDR-TB while on MDR-TB treatment. These
patients were significantly less likely to be cured or to complete
treatment. Using Cox proportional hazard models, we found that the
presence of bilateral and cavitary lesions was associated with a greater
than threefold increase in hazard (adjusted hazard ratio [HR], 3.47;
95% confidence interval [CI], 1.32–9.14). Prior exposure to a secondline injectable antibiotic was associated with a greater than threefold
increase in hazard (adjusted HR, 3.65; 95% CI, 1.81–7.37), and each
additional month in which a patient failed to take at least 80% of their
prescribed drugs was associated with nearly an additional 20% hazard
of developing XDR-TB (adjusted HR, 1.17; 95% CI, 1.01–1.35).
Conclusions: Early and rapid diagnosis, timely initiation of appropriate
therapy, and programmatic efforts to optimize treatment adherence
during MDR-TB therapy are crucial to avoiding the generation of
excess XDR-TB in MDR-TB treatment programs.
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

The emergence of extensively drug-resistant (XDR) tuberculosis (TB) is one of the threats to global TB control, and
there are ample data documenting greater mortality and
treatment failure rates compared with other multidrugresistant (MDR) TB cases. Identifying risk factors associated with XDR-TB is necessary to design interventions to
prevent the emergence of XDR-TB within MDR-TB
treatment programs. Yet, to date, there are no published
data describing factors associated with the emergence of
XDR-TB during treatment for MDR-TB.
What This Study Adds to the Field

This work adds to the field by: (1) identifying the factors
associated with developing XDR-TB within a cohort of
MDR-TB cases receiving treatment in Tomsk, Russia; and
(2) discussing how these findings may be used to inform
policy and programmatic efforts to curb the emergence of
XDR-TB within MDR-TB treatment programs.

The sporadic appearance and subsequent selection of drugresistant Mycobacterium tuberculosis mutants is an unintended
and unavoidable consequence of using anti-tuberculosis (TB)
antibiotics (1). The emergence of multidrug-resistant (MDR)
TB—defined as strains resistant to at least isoniazid and
rifampin—has introduced challenging, but surmountable, complexities to TB programs that have responded by treating MDRTB with second-line drugs. Whether through formal MDR-TB
treatment programs or unregulated means, such as over-thecounter and ‘‘black-market’’ sources, patients with MDR-TB
have gained increased access to second-line anti-TB agents.
Regardless of the mechanism of access, a subset of individuals
inevitably will fail to respond to MDR-TB therapy, and, in the
process, may acquire additional resistance to second-line drugs
(2–4). Extensively drug-resistant (XDR) TB—defined as MDRTB with additional resistance to the fluoroquinolones and a
second-line injectable—is the result of this sequential mutation–
selection process, and compromises the effectiveness of even the
most tailored individualized regimens (5–7).
A critical conundrum for programs and practitioners is how
to balance MDR-TB treatment efforts with the dangers of
selecting for increasingly drug-resistant strains, in particular
among individuals who have previously failed conventional,
first-line TB treatment. Identifying baseline patient character-
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istics and MDR-TB treatment–related factors associated with
developing XDR-TB is crucial to the design and implementation of strategies that minimize the development of XDR-TB
among individuals receiving MDR-TB therapy.
The Tomsk Oblast Tuberculosis Treatment Services in Western Siberia was one of the first wide-scale MDR-TB treatment
programs to be implemented in a resource-poor setting. Since
its inception in 2000, cure or treatment completion has been
achieved in 66% of all MDR-TB cases, and in 48% of individuals who had baseline XDR-TB (5). Although this program
offers a successful model for other MDR-TB treatment programs in Russia and elsewhere, several questions remain. In this
retrospective analysis, we sought to explore the phenomenon of
XDR-TB that arises and is diagnosed during MDR-TB therapy.
In doing so, we hope to address the following questions: what
proportion of individuals develops XDR-TB during the course
of MDR-TB treatment within the context of a strong MDR-TB
treatment program, and which factors are associated with the
development of XDR?

METHODS
Study Location
The Tomsk Oblast Tuberculosis Services (TOTBS) provides treatment
to the Tomsk Oblast in western Siberia, Russia, with a population of
approximately 1.1 million inhabitants. Since 2000, TOTBS has collaborated with the Tomsk TB Prison Hospital, Partners in Health,
Massachusetts State Laboratory Institute, and the Open Society Institute to provide MDR-TB treatment. In 2003, TB incidence in Tomsk
was 93.4 per 100,000; of new cases surveyed from 2003 to 2005, 7.2%
were MDR-TB (8). Details of this program, including patient selection
criteria and treatment principles, have been described elsewhere (5, 9).
In general, patients submit sputum at baseline and monthly during
treatment for smear and culture. Individuals with a positive culture
after 4 or more months of treatment are routinely assessed for possible
treatment failure, including repeat drug susceptibility testing (DST)
and consideration of regimen reinforcement, when possible.

Study Participants and Case Definitions
Of 636 patients who were consecutively treated for MDR-TB between
September 10, 2000 and November 1, 2004, we performed a retrospective case series of the 608 patients with documented MDR-TB. For this
analysis, we excluded individuals who had baseline XDR-TB and those
who did not have sufficient pretreatment drug susceptibility data to
rule out XDR-TB before initiating MDR-TB treatment (e.g., individuals without testing to second-line drugs). Drugs included in the individualized treatment regimens were determined based on available
DST results and previous treatment histories. Per TOTBS protocol,
any positive culture found after an individual received 4 or more
months of MDR-TB treatment was sent for additional DST. However,
a few individuals had positive cultures after at least 4 months of treatment, and did not receive a repeat DST (n 5 8), possibly for clinical or
programmatic reasons. Because we could not confirm whether these
individuals did or did not develop XDR-TB, we excluded them from the
current analysis.
XDR-TB was defined as resistance to isoniazid, rifampicin, any
fluoroquinolone, and either kanamycin or capreomycin. DST to
amikacin was not available. An individual was considered to have
baseline XDR-TB if XDR-TB was documented at any time before
starting MDR-TB therapy. Acknowledging that the observation of
newly documented XDR-TB during treatment could be due to either
resistance amplification or reinfection, we use the term ‘‘developed
XDR-TB’’ to refer to any case that was confirmed not to have XDRTB at baseline, and was subsequently diagnosed with XDR-TB during
MDR-TB treatment. Individuals who had any DST performed during
treatment that did not document XDR-TB, and those who were culture
negative after 4 months of therapy, were presumed not to have
developed XDR-TB. Time to developed XDR-TB was defined as the
number of days from the start of MDR-TB therapy to the date of
sample collection in which XDR-TB was documented.
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Data Collection and Analysis
We abstracted data from clinical reporting forms that were prospectively completed by TB providers. In addition, we performed retrospective chart reviews of all patients, and obtained additional data from
the TOTBS registry and laboratory databases. Data were entered into
the ‘‘DOTS-Plus’’ Electronic Medical Record (Boston, MA), which
used a Microsoft SQL 2000 server (Microsoft Corp., Seattle, WA) and
exported data into an Access 2000 database (Microsoft Corp.).
Analysis was conducted with SAS Version 9.1 (SAS Institute, Inc.,
Cary, NC).
Variables considered included baseline characteristics, such as:
sociodemographic variables; site of treatment initiation (e.g., prison
versus civilian and inpatient hospital versus other sites); comorbid
conditions, including human immunodeficiency virus (HIV) and physiciandiagnosed alcoholism; indicators of clinical severity (e.g., low body mass
index, both bilateral and cavitary lesions on chest radiograph, and
respiratory insufficiency as documented by physicians); and prior
treatment exposure to second-line agents. We also assessed ontreatment factors, including alcohol use ever documented during
MDR-TB therapy, and several time-varying covariates calculated for
each month in MDR-TB treatment, as follows: cumulative hospital
days (i.e., number of days ever hospitalized in the current and all prior
months of treatment); cumulative prison days (i.e., number of days ever
incarcerated in the current and all prior months of treatment); adjunctive
surgery (having had surgery in the current or any prior month of
treatment); and cumulative nonadherent months (number of months in
which less than 80% of prescribed doses were actually taken).
Final treatment outcomes (i.e., cured, completed treatment, failed,
defaulted, died), as defined by the Stop TB MDR-TB Working Group,
were used for this study (10).
We used Cox proportional hazards regression models to identify
factors associated with time to developed XDR-TB. We considered
variables that were suspected to contribute to the development of
XDR-TB due to clinical or programmatic factors, including known risk
factors for poor treatment outcome (e.g., HIV, alcoholism, severe
radiographic lesions), prior exposure to second-line drugs, and duration
of institutional exposure while on treatment. For non–time-varying
variables, we evaluated the proportional hazards assumption using the
Kolmogorov-type supremum test (11), as implemented in SAS (PROC
PHREG). Variables that were associated with time to developed
XDR-TB at a P value of less than 0.2 in univariable analysis, as well
as age and sex, were considered as candidates for the multivariable
model. We used a forward stepwise approach to determine the final
model; variables were retained in the final multivariable model if they
predicted time to XDR-TB at a P value of 0.1 or less.
The Harvard School of Public Health and the Siberian State
Medical University granted institutional review board approval for
this study.

RESULTS
As shown in Figure 1, of 608 patients with MDR-TB treated
during the study period, 29 individuals had baseline XDR-TB.
Of the remaining 579 individuals, 544 had sufficient drug
susceptibility data to document that they did not have XDRTB at baseline. Of these, 202 patients had at least one DST
performed during MDR-TB treatment. We found that 34 of
these patients developed XDR-TB, whereas 168 did not. Of the
342 patients without a DST during treatment, 334 (97.7%) did
not have a positive TB culture after 4 months of MDR-TB
therapy, whereas 8 individuals had a positive culture after
4 months of therapy, and were excluded from analysis. Therefore, subsequent analysis was based on a cohort of 536 individuals, of whom 34 (6.3%) developed XDR-TB during
treatment, and 502 (93.7%) were considered not to have
developed XDR-TB. Among these 34 individuals, the median
time to diagnosis of developed XDR-TB was 182 days (quartile
[Q] 1, Q3: 122, 287). The median number of DSTs performed
during MDR-TB treatment was 6.5 (Q1, Q3: 3, 11) among those
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Figure 1. Study flow.

who developed XDR, compared with 2 DSTs among those that
did not develop XDR-TB (Q1, Q3: 1, 4).
Table 1 presents baseline characteristics of the study participants. The cohort was comprised of young individuals who
were predominantly male. Approximately 27% initiated treatment in prison, whereas the remainder started treatment within
civilian services. Almost all individuals had received previous
treatment for TB; prior regimens included a second-line injectable in 30% of the cases, and a fluoroquinolone in 14% of the
cases. Alcoholism was common (42%), and HIV was rare (1%).
The majority of individuals had advanced pulmonary disease,
manifested by respiratory insufficiency (55%), as well as bilateral and cavitary lesions on chest radiograph (61%). As
shown in Figure 2, baseline drug resistance to first- and secondline drugs was common.
The median time to culture conversion was 1.97 months (Q1,
Q3: 0.98, 2.95) among those who did not develop XDR-TB on
treatment, compared with 3.93 months (Q1, Q3: 1.97, 4.92) for
those who developed XDR-TB (P 5 0.001). Final treatment
outcomes were also poor among individuals who developed
XDR-TB. In contrast to a 68.5% response rate among individuals who did not develop XDR-TB, only 14.7% of those
who developed XDR-TB were cured or completed treatment
(P , 0.0001). Among those who did not develop XDR-TB,
21.1% defaulted, 4.8% died, and only 5.6% failed treatment. Of
the 34 individuals who developed XDR-TB, 20.6% defaulted,
11.8% died, and 52.9% failed treatment.
We performed an analysis of factors associated with time to
developed XDR-TB (Table 2). Based on results from the
Kolmogorov-type supremum tests, we concluded that the proportional hazard assumption was satisfied for baseline variables.
In the univariable analysis, initiating treatment at the TB
hospital was associated with an increased risk of developing
XDR-TB, with an unadjusted hazard ratio (HR) of 2.28 (95%
confidence interval [CI], 1.11–4.68). Baseline respiratory insufficiency (HR, 2.85; 95% CI, 1.29–6.30), baseline bilateral and
cavitary lesions (HR, 3.01; 95% CI, 1.51–10.09), prior exposure
to a second-line injectable (HR, 3.98; 95% CI, 1.99–7.95), and
prior exposure to a quinolone (HR, 3.31; 95% CI, 1.61–6.79)
were also associated with developing XDR-TB in the univariable analysis. Among time-varying covariates, we found that the
number of cumulative nonadherent months was a statistically

TABLE 1. BASELINE AND TREATMENT CHARACTERISTICS
OF COHORT
Characteristic
Female sex
Age, yr*
Treatment initiation site
Civilian
TB hospital
Day hospital/polyclinic in Tomsk
Sites outside of Tomsk city
Prison
Year of treatment initiation
2000
2001
2002
2003
2004
Receiving disability pension
Homeless
Previous or present incarceration (n 5 534)
Low body mass index (n 5 535)
HIV (n 5 533)
Alcoholism, per physician assessment (n 5 463)
Illicit drug use
Any prior TB treatment
Median no. previous TB treatments†
Prior TB treatment with second-line injectable
(n 5 532)
Prior TB treatment with fluoroquinolone (n 5 531)
Previous TB surgery (n 5 534)
Respiratory insufficiency (n 5 528)
Bilateral and cavitary lesions, (n 5 529)
No. of drugs to which resistant*
First-line drugs
Second-line drugs
Alcohol use during treatment
No. of hospital days during treatment*†
No. of prison days during treatment*†
Adjunctive surgery during MDR-TB treatment
Percentage of treatment months with .80%
adherence*

No. (%), Unless
Specified
95 (17.7)
34.2 (26.6, 45.0)
392
275
94
23
144

(73.1)
(51.3)
(17.5)
(4.3)
(26.9)

33
89
117
150
147
226
22
282
218
5
192
95
533
2
160

(6.2)
(16.6)
(21.8)
(28.0)
(27.4)
(42.2)
(4.1)
(52.8)
(40.8)
(0.9)
(41.5)
(17.7)
(99.4)
(1, 3)
(30.1)

72
54
289
322

(13.6)
(10.1)
(54.7)
(60.9)

4 (3, 4)
1 (0, 2)
205 (38.2)
205 (111, 316)
554 (474, 594)
51 (9.5)
89 (80, 96)

Definition of abbreviations: HIV 5 human immunodeficiency virus; MDR 5
multidrug resistant; TB 5 tuberculosis.
If not otherwise specified, n 5 536.
* Continuous variable, median (quartile 1, quartile 3) presented.
†
Among those with any time spent in these locations during follow-up.
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Figure 2. Baseline drug resistance and drugs used in multidrug-resistant (MDR) treatment regimens (n 5 536).

significant predictor (HR, 1.16; 95% CI, 1.002–1.34), whereas,
the cumulative number of hospital days, cumulative number of
prison days, and use of adjunctive MDR-TB surgery were not
significantly associated with developing XDR-TB.
Multivariable analysis retained the following variables as
significant predictors of time to developing XDR-TB, adjusting
for other variables in the model: male sex (adjusted HR, 0.37;
95% CI, 0.17–0.80); bilateral and cavitary lesions (adjusted HR,
3.47; 95% CI, 1.32–9.14); prior exposure to a second-line injectable (adjusted HR, 3.65; 95% CI, 1.81–7.37); and cumulative
nonadherent months (adjusted HR, 1.17; 95% CI, 1.01–1.35).
Figure 3 displays the multivariable-adjusted time to developing
XDR-TB, stratified by selected non–time-varying variables.

DISCUSSION
We studied the development of XDR-TB among 536 patients
with MDR-TB initiating therapy within a well established

MDR-TB treatment program, which provides care that is fully
compliant with the World Health Organization drug-resistant
TB treatment guidelines. Despite overall excellent clinical
outcomes, we found that 6% of patients with MDR-TB developed XDR-TB during treatment.
Not surprisingly, outcomes were worse among patients with
MDR-TB who developed XDR-TB. Less than 15% of patients
who developed XDR-TB during treatment were cured or
completed treatment, compared with almost 70% for patients
who did not develop XDR-TB, and 48.3% for individuals with
XDR-TB before the initiation of treatment (5).
We identified several baseline and time-varying risk factors
for developing XDR-TB on MDR-TB therapy. In our final
multivariable model, the presence of bilateral and cavitary
lesions on baseline chest radiograph was associated with more
than a threefold increased hazard of developing XDR-TB. The
increased risk associated with the presence of extensive and
cavitary disease could be explained by the increased bacillary

TABLE 2. FACTORS ASSOCIATED WITH TIME TO DIAGNOSIS OF EXTENSIVELY
DRUG-RESISTANT TUBERCULOSIS
Characteristic
Male sex*
Age, yr†
Year of treatment initiation
Started in prison
Started in TB hospital
Baseline low body mass index (n 5 535)
Baseline HIV (n 5 533)
Baseline alcoholism (n 5 463)
Alcohol use during treatment
Baseline respiratory insufficiency (n 5 528)*
Baseline bilateral and cavitary lesions (n 5 529)*
Prior TB treatment with a second-line injectable (n 5 532)*
Prior TB treatment with a quinolone (n 5 531)*
Cumulative no. of prison days
Cumulative no. of hospital days
Cumulative no. of months with ,80% adherence*

Unadjusted HR (95% CI)
0.59
1.01
0.80
0.52
2.28
1.17
3.11
1.63
1.58
2.85
3.01
3.98
3.31
1.00
1.00
1.16

(0.27–1.25)
(0.98–1.04)
(0.61–1.05)
(0.22–1.27)
(1.11–4.68)
(0.59–2.30)
(0.43–22.71)
(0.83–3.20)
(0.80–3.11)
(1.29–6.30)
(1.51–10.09)
(1.99–7.95)
(1.61–6.79)
(0.99–1.01)
(1.00–1.01)
(1.00–1.34)

Adjusted HR (95% CI)
0.37 (0.17–0.81)
1.01 (0.98–1.04)
—
—
—
—
—
—
—
—
3.47 (1.32–9.14)
3.65 (1.81–7.37)
—
—
—
1.17 (1.01–1.35)

Definition of abbreviations: CI 5 confidence interval; HIV 5 human immunodeficiency virus; HR 5 hazard ratio; MDR 5
multidrug resistant; TB 5 tuberculosis.
If not otherwise specified, n 5 536.
* Entered into multivariable model.
†
Forced into multivariable model.
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Figure 3. Comparison of the time to diagnosis of extensively drug
resistant (XDR) for baseline factors found to be significantly associated
with hazard in the final multivariable model. Results are adjusted for
non–time-varying factors included in the final model (including age at
treatment initiation).

burden within cavitary lesions, in which the likelihood of
spontaneous mutations associated with drug resistance is
greater (11), and/or the existence of subpopulations of bacilli
that survive either due to metabolic dormancy or exposure to
subinhibitory drug concentrations (12, 13).
Almost all of the patients in this cohort had previously been
treated for TB; those who had previously received second-line
injectable agents had more than a threefold increased hazard
of developing XDR-TB. Whereas prior exposure to fluoroquinolones was significantly associated in our univariable analysis, this factor was no longer associated with the hazard of
developing XDR-TB after controlling for other variables
included in the multivariate model. Baseline resistance to
second-line parenteral agents was relatively common among
those who had prior exposure to one of these drugs (79/160, or
49%), whereas baseline fluoroquinolone resistance was rela-
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tively rare among individuals with prior exposure to a fluoroquinolone (24/72, or 33%). This difference in the association
between prior treatment history and baseline drug resistance
may help to explain our finding that prior exposure to secondline parenteral agents, but not fluoroquinolones, was associated with developing XDR-TB. The interpretation of baseline
resistance with the hazard of developing XDR-TB is difficult,
because baseline resistance (at least in part) is determined by
which drugs were included in individualized treatment regimens (Figure 2).
The final model also indicated that male sex was independently associated with a reduced hazard of developing XDRTB. Women have been associated with worse MDR-TB
treatment outcomes in other cohorts (6), an observation that
may be explained by sex differences in unmeasured socioeconomic, clinical, or lifestyle risk factors.
Finally, nonadherence to MDR-TB therapy was a strong
risk factor for developing XDR-TB. The overall adherence in
this cohort was high (median, 89.7%; Q1, Q3: 80.1%, 95.7%),
likely due to the implementation of strict directly-observed
treatment (DOT) and adherence enablers. However, for individuals who did not adhere to treatment, each additional
month in which they failed to take greater than 80% of
prescribed doses increased the hazard of developing XDRTB by approximately 17%. This finding highlights the fact that
programmatic efforts to optimize adherence to MDR-TB
therapy should not only provide adherence support to all
individuals—such as DOT, enablers, and incentives—but also
implement additional aggressive strategies to bolster adherence among individuals who, despite standard measures,
cannot adhere to treatment (14).
Based on these findings, we conclude that the development
of XDR-TB during MDR-TB treatment is related to two
potentially modifiable factors: baseline chronic disease and
nonadherence to MDR-TB therapy. Extensive cavitary disease
and baseline resistance to second-line agents are often the result
of delayed diagnosis of drug resistance, and treatment with
prior regimens that include a few second-line chemotherapeutic
agents, but not enough to bring about cure. Programmatic
efforts to diagnose and treat drug-resistant disease aggressively
with appropriate second-line regimens could avert the creation
of individuals with advanced disease who, when finally treated
with appropriate regimens, may develop XDR-TB and experience poor treatment outcomes (15). In addition, MDR-TB
treatment programs must address potential barriers to treatment adherence (e.g., patient side effects, socioeconomic factors), including targeted interventions for high-risk patients who
may need intensive support to overcome the structural barriers
to adherence that are associated with poverty and social
marginalization (16–20).
A major strength of our analysis is that we were able to rule
out XDR-TB at baseline among this cohort of patients with
MDR-TB with external quality-assured DSTs. In addition, the
strong treatment program in Tomsk, with well defined protocols
for obtaining culture and DST during treatment, allowed us to
assess the time to development of XDR-TB. In our cohort, only
a very small fraction of patients (z1.5%) did not have a repeat
DST on a positive culture after 4 months of MDR-TB treatment
(Figure 1).
Our study has several limitations. It is possible that some
patients did develop XDR-TB, but culture converted and
responded to MDR-TB therapy; however, such patients are of
lesser clinical importance. The occurrence of XDR-TB in
individuals can result from either acquired or transmitted
resistance. The only available approach for identifying cases
of transmitted resistance in our cohort of previously treated
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patients would be through molecular typing (21). Because
genetic typing of isolates was not performed, we cannot rule
out the possibility that some of these patients were reinfected
by XDR-TB strains circulating in the community or in
congregate settings. We note that a previous analysis in this
same community identified hospitalization at the beginning or
during TB treatment as a significant risk factor for an increased hazard of developing MDR-TB (16). However, neither the initiation of treatment in hospitals or in prisons nor
the cumulative number of days in hospital or in prisons while
on MDR-TB treatment was significantly associated with the
hazard of developing XDR-TB in this analysis. If XDR-TB
becomes increasingly prevalent within nosocomial settings in
Tomsk, time spent in these facilities could, in the future,
become associated with risk of infection or reinfection with
XDR-TB, as has been observed in other epidemic locations
(22). In addition to reinfection during MDR treatment, it is
also possible that heteroresistance (clonal heterogeneity with
subpopulations of MDR and XDR variants) (23) or mixed
infection with different MDR and XDR strains were present
at baseline (24–27). If the XDR strains were relatively rare
within an individual, standard drug resistance testing may not
have detected XDR that was present at the time of treatment
initiation for MDR disease.
The treatment of drug-resistant TB with second-line drugs is
an important component of TB control, and is an integral part
of the World Health Organization Stop TB Strategy (28). Our
findings point to the importance of early and rapid diagnosis of
drug resistance, prompt initiation of therapy with appropriate
second-line drugs, and strategies to ensure treatment adherence
as fundamental programmatic elements.
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