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Background. The treatment of extensively drug-resistant tuberculosis (XDR TB) presents a major challenge.
Second-line antimycobacterial drugs are less effective, more toxic, and more costly than first-line agents, and XDR
TB strains are, by definition, resistant to the most potent second-line options: the injectable agents and fluoro-
quinolones. We conducted a meta-analysis to assess XDR TB treatment outcomes and to identify therapeutic
approaches associated with favorable responses.

Methods. 'We searched PubMed and EMBASE databases to identify studies conducted through May 2009 that
report XDR TB treatment outcomes.

Results. The search yielded 13 observational studies covering 560 patients, of whom 43.7% (95% confidence
interval, 32.8%-54.5%) experienced favorable outcomes, defined as either cure or treatment completion, and 20.8%
(95% confidence interval, 14.2%-27.3%) died. Random effects meta-analysis and meta-regression showed that
studies in which a higher proportion of patients received a later-generation fluoroquinolone reported a higher
proportion of favorable treatment outcomes (P = .012).

Conclusions. This meta-analysis provides the first empirical evidence that the use of later-generation fluoro-
quinolones for the treatment of XDR TB significantly improves treatment outcomes, even though drug-susceptibility
testing demonstrates resistance to a representative fluoroquinolone. These results suggest that the addition of later-
generation fluoroquinolones to XDR TB regimens may improve treatment outcomes and should be systematically

evaluated in well-designed clinical studies.

Extensively drug-resistant (XDR) tuberculosis (TB) re-
fers to infection with Mycobacterium tuberculosis strains
that are resistant to the 2 mainstays of first-line TB
therapy, isoniazid and rifampin, as well as to 2 of the
most effective second-line therapies: a fluoroquinolone
and at least 1 of the second-line injectable agents (am-
ikacin, capreomycin, or kanamycin) [1]. Since 2006
when it was first described, XDR TB has been shown
to be widespread, with documented cases in 6 conti-
nents and 55 countries [2]. Although the worldwide
burden of XDR TB has been difficult to assess, high
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prevalences have been reported in countries of the for-
mer Soviet Union: 24% of multidrug-resistant (MDR)
TB cases in Estonia and 15% of MDR TB cases in Do-
netsk Oblast in the Ukraine are reported to be also XDR
[3]. Nearly 500,000 new MDR TB cases are diagnosed
yearly, of which 10% are estimated to be XDR [3, 4].
Treatment outcomes have been significantly worse
for patients with XDR TB than for patients with TB
that is either drug-susceptible or MDR, defined as re-
sistance to isoniazid and rifampin [5-7]. In the first
recognized outbreak of XDR TB, Gandhi et al [8] re-
ported that 53 patients in KwaZulu-Natal, South Africa,
who were coinfected with XDR TB and human im-
munodeficiency virus (HIV) survived for a median of
only 16 days, with a mortality of 98%. Although some
subsequent studies have reported better outcomes [9],
therapeutic options for XDR TB are extremely limited
because second-line drugs are less effective, more toxic,
and more costly than are first-line therapies, and XDR
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TB strains are, by definition, resistant to the more potent of the
second-line options. Although several new drugs are being eval-
uated for the treatment of XDR TB, none are currently available.
In the absence of systematic evaluations of the existing reg-
imens, current XDR TB treatment guidelines rely on expert
opinion. Available data come from small, observational cohort
studies, some of which were recently reviewed by Sotgiu et al
[10], who reported that XDR TB can be successfully treated in
up to 65% of patients, with better outcomes for those not
coinfected with HIV. Treatment duration was found to be
longer and outcomes generally poorer for patients with XDR
TB, compared with patients with other types of MDR TB. This
study did not pool the data to report a summary outcome
statistic or assess the impact of specific strategies on outcomes.
Here, we use data from existing studies, supplemented by in-
formation on treatment approaches and study design obtained
from the authors, to evaluate the benefit of existing treatment
strategies and to identify those that improve outcomes.

METHODS

We conducted this meta-analysis according to the guidelines
set forth by the Meta-analysis of Observational Studies in Ep-
idemiology (MOOSE) group for reporting systematic reviews
of observational studies [11].

Search and selection strategy. Using the search strategy
described in Table 1, we identified studies that reported the
outcomes of XDR TB treatment. We searched the PubMed
database from 1965 to May 2009 and the EMBASE database
from 1974 to May 2009, using combinations of the keywords

» o« » «

“tuberculosis,” “extensively drug-resistant,” “extremely drug-
resistant,” and “XDR TB.” We also hand-searched bibliogra-
phies of retrieved articles for additional references. We restricted
our analysis to human studies and placed no restrictions on
language. We included peer-reviewed reports of observational
studies from which the proportion of patients who experienced
favorable outcomes could be clearly calculated. We defined fa-
vorable outcomes, in accordance with World Health Organi-
zation recommendations, as patients who meet criteria either
for cure (treatment completion plus at least 5 consecutive neg-
ative cultures during the last year of treatment) or for treatment
completion (treatment completion but <5 cultures performed
in the last year of treatment) [12]. We included only those
studies that (1) confirmed that patients had XDR TB by drug-
susceptibility testing of M. tuberculosis cultures; (2) followed
treatment protocols that included the following second-line
drugs: amikacin, kanamycin, capreomycin, streptomycin, flu-
oroquinolones, ethionamide, protionamide, cycloserine, teri-
zidone, and p-aminosalicylic acid; and (3) explicitly reported
treatment outcomes. In addition, studies were excluded if >50%
of patients were still receiving treatment at the time of man-
uscript preparation and no additional information on their

Table 1. Search Strategy to Identify Observational Studies of
Extensively Drug-Resistant Tuberculosis (XDR TB) Treatment
Outcomes

PubMed database
Medical Subject Headings (MeSH) terms
1. “Extensively Drug-Resistant Tuberculosis”
Text terms
1. "Extensively Drug Resistant Tuberculosis”, OR
2. "Extensively Drug-Resistant tb"”, OR
3. "Extremely Drug-Resistant Tuberculosis”, OR
4. ("XDR"” AND (“tb” OR "“tuberculosis”)), OR
5. "xdrtb"”
EMBASE
Emtree tool
1. "Extensively Drug Resistant Tuberculosis”
Text terms
1. "Extensively drug resistant tuberculosis”, OR
2. "Extensively drug-resistant TB”, OR
3. "Extremely drug-resistant tuberculosis”, OR
4. ("XDR" AND (“TB", OR “tuberculosis”)), OR
5. "xdrtb"”

outcomes was available by personal correspondence with the
authors or if the study reported <3 cases of XDR TB. If multiple
published reports from the same cohort were available, we
included only the one with the most detailed information on
treatment protocol and outcomes. Because in a few cases we
were unable to determine whether the same patients were in-
cluded in different publications, we conducted a sensitivity anal-
ysis to assess the possible bias introduced by the inclusion of the
smaller studies that may have included duplicated patients.

Data extraction. Data were extracted independently by 2
investigators (K.R.J. and D.B.T.), and differences were resolved
by discussion with a third investigator (M.B.M.). We extracted
the following data: first author, publication year, country in
which the study was conducted, study period, number of pa-
tients with XDR TB, mean number of drugs to which patients’
isolates were resistant, mean age in years, percentage of female
patients, percentage of patients with HIV infection, mean num-
ber of drugs in the XDR TB treatment regimen, mean number
of “likely active drugs” in the XDR TB treatment regimen,
percentage of patients who received later-generation fluoro-
quinolones (levofloxacin, moxifloxacin, or sparfloxacin), per-
centage of patients who received linezolid, percentage of pa-
tients who underwent surgery, and treatment outcomes. The
term “likely active drugs” is defined as the following: (1) drugs
to which the TB strains have been tested and have been found
to be susceptible or (2) drugs to which the patient has not been
previously exposed or had been exposed for <1 month and for
which susceptibility testing had not been done. Additional de-
tails on treatment protocol or outcomes were obtained via per-
sonal correspondence with one of the authors (K.R.J.).
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Data analysis. 'We summarized the proportion of patients
who experienced favorable outcomes and the proportion of
deaths across the studies using a random effects model, which
assigns weights according to the methods described by Der-
Simonian and Laird [13]. We used the 95% score interval
method to calculate the 95% confidence interval (CI) for pro-
portions close to 0 or 1 [14]. We assessed the heterogeneity of
outcomes within and between each group of studies, using the
Cochrane Q test for heterogeneity and the I statistic described
by Higgins et al [15, 16]. Because 2 studies may have included
some patients who had been described in previously published
reports, we performed sensitivity analyses, removing the orig-
inal studies to determine whether this duplication could have
a significant effect on the summary statistics.

To determine whether the outcomes varied significantly by
specific treatment approaches, we performed univariate meta-
regression, in which we evaluated the impact of study char-
acteristics on the proportion of favorable outcomes, weighting
the studies by the inverse of the sum of within- and between-
study variance. We evaluated the distribution of outcomes using
the Shapiro-Wilk test and found the outcomes to be normally
distributed, allowing the outcomes in proportions to be assessed
using meta-regression. We assessed the following variables for
each study: (1) HIV prevalence among patients with XDR TB
receiving treatment; (2) mean age; (3) proportion of patients
who were female; (4) mean number of drugs in treatment
regimens; (5) mean number of “likely active drugs” in a treat-
ment regimen; (6) percentage of patients who received a later-
generation fluoroquinolone; (7) percentage of patients who re-
ceived linezolid; (8) percentage of patients who underwent
surgery. We tested the significance of these coefficients by Stu-
dent’s t test and reported the P value for significance of trend.
We performed a multivariate meta-regression using the 2 sta-
tistically significant covariates in univariate meta-regression: age
and fluoroquinolone use. To further study the impact of later-
generation fluoroquinolone use, we did a subgroup analysis
examining the differences in favorable treatment outcomes in
studies in which at least 50% of patients received a later-gen-
eration fluoroquinolone, compared with studies in which <50%
of patients received a later-generation fluoroquinolone. Statis-
tical procedures were performed using STATA version 10 [17].

RESULTS

Of the 322 publications that we identified on XDR TB, 281
were excluded after abstract review because they were reviews
or commentaries; did not report treatment outcome; focused
on drug development, diagnostics, or vaccine development;
were mathematical models or ethics articles; or studied animals
(Figure 1). We performed a full text review for 41 articles, of
which 13 met inclusion criteria [5, 9, 18-28]. Table 2 sum-
marizes the characteristics of the 13 included studies. Four

studies were conducted in South Korea, 4 in the United States,
2 in Germany, 1 in Estonia, 1 in Peru, and 1 in Russia. In total,
these publications report 560 patients treated for XDR TB. All
the studies were retrospective, observational, cohort studies of
treatment outcomes for patients with XDR TB receiving sec-
ond-line drug regimens. All 13 studies were reported in English
and included cohorts who received treatment between 1984
and 2007.

All patients met the definition for infection with XDR TB
(Table 2). For second-line drug testing, all studies reported
testing results for at least ofloxacin and kanamycin. Drug-sus-
ceptible concentration cutoffs reported were consistent across
studies. The majority of the studies did not include HIV-in-
fected patients. The mean age of subjects ranged from 30.5 to
47.5 years. The mean number of drugs to which isolated or-
ganisms were resistant ranged from 5 to 10.5. All patients re-
portedly were treated for XDR TB under close supervision, in
hospital settings or on an ambulatory basis. In all 13 studies,
patients received at least 12 months of therapy after culture
conversion. The mean number of drugs included in the XDR
TB treatment regimens ranged from 3.6 to 7.4, and the mean
number of “likely active drugs,” as reported in 8 studies, ranged
from 1.9 to 5.3. The percentage of patients receiving a later-
generation fluoroquinolone ranged from 0 to 91.5, the per-
centage of patients receiving linezolid ranged from 0 to 100,
and the percentage undergoing surgery ranged from 4 to 60.

The definition of cure varied among the studies (Table 2).
Nine of the 13 studies followed the current World Health Or-
ganization standard definition of at least 5 consecutive negative
cultures during the last 12 months of treatment [29]. One study
required 3 negative cultures and no clinical evidence of TB at
the end of therapy [20]; one study required treatment completion
plus 1 negative culture [21]; and 2 studies from the United States
reported only treatment completion and did not provide any
data on microbiological status at the end of therapy [18, 28].

A total of 208 patients had favorable outcomes. The weighted
proportion of favorable outcomes was 43.7% (95% CI, 32.8%—
54.5%) (Figure 2). The heterogeneity of this effect estimate
(I*) was 84.3% of the variance. A total of 125 patients died.
The weighted proportion of patients who died was 20.8% (95%
CI, 14.2%-27.3%), with a heterogeneity of effect estimate (I*)
of 67.7% of the total variance (Figure 3).

Shah et al [28] reported on all US outcomes between 1993
and 2008, and Banerjee et al [18], Chan et al [20], and Condos
et al [21] reported outcomes in US-based studies that over-
lapped with these dates. When we reassessed the summary
statistic of favorable outcomes, removing the smaller studies
from the analysis, we found that the results changed from 43.7%
to 45.6%, which is a <5% change.

Kim et al [24] reported on patients who received a diagnosis
between 2000 and 2002 from all national TB hospitals, all Ko-
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322 articles identified from PubMed,
EMBASE, and reference lists for
abstract review (after elimination of
duplicates)

281 excluded
82 reviews
72 commentaries
56 no treatment outcomes
29 drug development
12 diagnostics
11 news reports
6 mathematical models
4 ethics articles
3 unable to obtain article
2 vaccine development
1 animal study
1 letter response
1 poem
1 task force recommendation

41 articles received full-text review

L4

28 excluded
8 reanalysis of same cohort
5 fewer than three patients
4 no treatment outcomes
4 never received XDR T8 therapy

3 majority of patients still
receiving therapy at time of
publication

2 unable to differentiate MDR
and XDR TB outcomes

1 not peer-reviewed article

1 XDR Mycoebacterium bovis

13 studies included

Figure 1.

rean National Tuberculosis Association chest clinics, and 8 ran-
domly selected university hospitals near Seoul, South Korea.
Since this cohort potentially overlapped with the 3 other Korean
studies [5, 23, 26], we contacted Kim et al, who noted that a
small number of subjects overlapped with those in the studies
by Jeon et al [23] and Kwon et al [26]. When we performed a
sensitivity analysis removing these 2 studies, we found that the
favorable outcomes summary statistic changed from 43.7% to
44.4%.

Table 3 shows that those studies in which a higher proportion
of patients received a later-generation fluoroquinolone reported
significantly higher proportions of favorable treatment out-
comes (P = .012). With each 10% increase in the proportion

Flowchart depicting methods for article inclusion.

of patients receiving a later-generation fluoroquinolone, we ob-
served a 4% increase in the proportion of those with favorable
outcomes. For those studies in which at least 50% of patients
received a later-generation fluoroquinolone, the weighted pro-
portion of favorable outcomes was 59.3% (95% CI, 50.8%-—
67.8%; I* = 0), whereas, in those studies in which <50% of
the patients received a later-generation fluoroquinolone, the
weighted proportion of favorable outcomes was only 30.6%
(95% CI, 17.7%—-43.5%; I* = 73.7%) (Figure 4).

Studies in which patients were younger on average also re-
ported significantly higher proportions of favorable outcomes
(P = .019), with an increase in the proportion of favorable
outcomes of 20% for every 10 years younger of mean patient
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Study Proportion Favorable Outcomes
(95%Cl)
Banerjee et al [18] _':_ 0.41(0.18,0.65)
Blaas et al [19] : - 0.50(0.01,0.99)
Chan et al [20] T 0.20 (-0.05, 0.45)
Condos et al [21] ™ 050(0.11,0.89)
Eker et al [22] _"_"'— 0.57(0.20,0.94)
Jeon et al [23] * : 0.18(0.12,0.24)
Keshavijee et al [9] _:"— 0.48(0.30, 0.67)
Kim H et al [5] - 0.54 (0.39, 0.68)
Kim D et al [24] —=, 0.29(0.19, 0.40)
Kliiman et al [25] —— 0.43(0.29, 0.56)
Kwon et al [26] g —— 0.67 (0.49, 0.85)
Mitnik et al [27] ' — 0.62(0.48,0.76)
Shah et al [28] —— 0.44 (0.33, 0.55)
Overall (12 = 84.3%) <3> 0.44 (0.33, 0.55)
NOTE: Weights are from random effects analysis
T T

0

Proportion Favorable Outcomes

Figure 2. Weighted proportion of favorable outcomes for the selected studies. Cl, confidence interval.

age. HIV prevalence, the proportion of female patients, the
mean number of drugs, the mean number of “likely active
drugs,” the percentage of patients who received linezolid, and
the percentage of patients who underwent surgery were not as-
sociated with favorable treatment outcomes in univariate analysis.

We performed a multivariate meta-regression including the
2 significant covariates in univariate meta-regression: age and
proportion of patients receiving later-generation fluoroquino-
lones. However, the 2 variables were highly correlated in these
2 studies (r = —0.66); therefore, we were unable to evaluate
their effects independently.

DISCUSSION

To date, XDR TB treatment outcomes have been examined only
in small, observational studies. We used meta-analysis to sum-
marize these findings, reporting on 13 studies that included
560 patients. The proportion of patients who experienced fa-
vorable outcomes ranged from 18% to 67%, and the percentage
of patients who received a later-generation fluoroquinolone was
significantly associated with the proportion with favorable out-
comes. We found that a cohort in which all patients received
later-generation fluoroquinolones would have a 40% increase
in favorable outcomes, compared with a cohort in which no
patients received later-generation fluoroquinolones. Although
this finding is potentially confounded by age, it nevertheless
raises an important clinical question, since it suggests that the
addition of a later-generation fluoroquinolone, even in the pres-
ence of representative fluoroquinolone resistance, might sig-

nificantly improve outcomes. Moreover, this is an intervention
that can be implemented and assessed immediately.

This finding reaffirms the potential importance of fluoro-
quinolones in the treatment of MDR TB [30]. Drug suscep-
tibility testing for fluoroquinolones is routinely performed for
the early-generation drugs ofloxacin and ciprofloxacin, the for-
mulations most often given globally for TB and for infections
in general. Resistance to these drugs is conferred by mutations
in the M. tuberculosis gyrA and gyrB genes [31, 32]. Few centers
reliably do testing for susceptibility to later-generation fluo-
roquinolones; therefore, it is rarely checked and is known for
very few of the isolates in this study. In vitro and in vivo studies
have identified differences in the efficacy of the various fluo-
roquinolones in TB treatment. Treatment studies in mice have
shown moxifloxacin to be the most bactericidal, followed by
sparfloxacin, levofloxacin, and then ofloxacin [33, 34]. Clini-
cally significant resistance (minimum inhibitory concentration
>2 pg/mL) to ciprofloxacin or ofloxacin is conferred by a single
gyrase mutation, whereas at least 2 mutations in gyrA or mu-
tations in gyrA and gyrB are required for high-level resistance
[33, 35]. Although cross-resistance among all fluoroquinolone
classes has been documented in vitro [36], the higher levels of
bactericidal activity of later-generation fluoroquinolones may
overcome low-level resistance, and the requirement for sec-
ondary mutations to achieve high-level resistance may explain
their continued efficacy despite the decreased potency of oflox-
acin and ciprofloxacin.

Younger mean age also predicted improved treatment out-
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Study

Proportion Died

(95%Cl)
Banerjee et al [18] —:“— 0.29(0.07,0.51)
Blaas et al [19] ' 0.25(0.0, 0.68)
[ - —

Chan et al [20]

0.50(0.19, 0.81)

Condos et al [21]

Eker et al [22] .

- 0.50(0.11, 0.89)
0.14 (0.0, 0.39)

Jeon et al [23] + 0.23(0.17,0.29)
Keshavjee et al [9] IL E 0.07 (-0.02,0.16)
Kim H et al [5] .—°— 0.27(0.17,0.37)
Kim D et al [24] — 0.14(0.04,0.24)
Kliiman et al [25] _*I'_ 0.19(0.09, 0.29)
Kwon et al [26] I 0.00(0.00,0.12)
Mitnick et al [27] — 0.21(0.09,0.33)
Shah et al [28] - 0.35(0.25, 0.45)
Overall (12 = 67.7%) @ 0.21(0.14,0.27)

NOTE: Weights are from random effects analysis

Proportion Died

Figure 3. Weighted proportion of deaths for the selected studies. Cl, confidence interval.

comes. This finding has been reported for drug-susceptible
disease and likely reflects the overall improved health and
greater tolerance of therapy toxicity in younger patients [37].
However, previous studies have not found age to be a predictor
of outcome for MDR TB [38]. The majority of the studies that
reported higher late-generation fluoroquinolone use also re-
ported younger mean age. Because of the small number of
studies in the meta-regression, we were unable to assess the
effects of the 2 covariates independently. However, we believe
that both variables may have independently significant effects
on outcome, because there is no clear biological reason that

treatment plans would disproportionately contain later-gen-
eration fluoroquinolones dependent on age.

Although we found no association between HIV infection
and poor outcomes, only 3 studies included HIV-infected pa-
tients; thus, our study may have been underpowered to detect
an impact of HIV. Another potential limitation for generaliz-
ability is that the majority of these studies were done in high-
income countries with low to middle TB burden. However, it
seems unlikely that the progression of disease or effect of ther-
apy would differ significantly across settings unless suscepti-
bility testing or drugs were not reliably available. The lack of

Table 3. Change in Favorable Outcomes as a Function of Individual Study Characteristics

Study characteristic (no. of studies reporting)

Favorable outcomes
improvement, % (95% Cl) P

HIV prevalence,® % (13)

Mean age,’ years (13)

Percentage female® (12)

Mean no. of drugs in treatment regimen (10)

Mean no. of “likely active drugs” in treatment regimen (8)
Percentage who received fluoroquinolones® (10)

Percentage who received linezolid® (10)
Percentage who underwent surgery® (10)

0.27 (-=6.6 to 7.1) .93
—20 (—35 to —3.8) .019
25 (=3.7 t0 8.8) sS
0.21 (—14.9 to 15.3) .98
5.5 (—8.6 to 20) .38
3.7 (1.1 to 6.4) .012
1.2 (=3.9 to 6.4) .55
1.9 (-4.9 t0 8.7) .65

NOTE. Cl, confidence interval.
@ Per 10-unit change.
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At least 50% of patients received later-
generation fluoroquinolones

Proportion Favorable Outcomes
(95%Cl)

Blaas et al [19]

0.50(0.01,0.99)

Condos et al [21]
Kim H et al [5]
Kwon et al [26]
Mitnick et al [27]

Overall (I? = 0.0%)

0.50(0.11,0.89)
0.54 (0.39, 0.68)
L 0.67 (0.49, 0.85)
0.62(0.48,0.76)

0.59(0.51,0.68)

Fewer than 50% of patients received ’ ¢ 1

later-generation fluoroquinolones
Chan et al [20] ‘—‘— 0.20(-0.05, 0.45)
Eker et al [22] » 0.57(0.20, 0.94)
Jeon et al [23] - 0.18(0.12,0.24)
Keshavjee et al [9] :_‘_ 0.48(0.30,0.67)
Kim D et al [24] _"_ 0.29(0.19,0.40)
Overall (17 = 73.7%) <> 0.31(0.18,0.43)

NOTE: Weights are from random effects analysis :

0 :

Proportion Favorable Outcomes

Figure 4. Weighted proportion of favorable outcomes for those studies in which at least 50% of patients received a later-generation fluoroquinolone,
compared with those studies in which <50% of patients received a later-generation fluoroguinolone. Cl, confidence interval.

association between the mean number of drugs given or the
mean number of “likely active drugs” and treatment outcomes
may be due to the low number of active drugs given and the
small number of studies included. Our evaluation of the use
of linezolid in treatment regimens was limited by the small
number of patients who received the drug. Although we found
no benefit of surgery in this study, we could not control for
individual patient factors that varied among those who un-
derwent surgery and those who did not.

Overall, the random effects meta-analytic model estimated
treatment success at 43.7% (95% CI, 32.8%—54.5%), well below
the 62%-70% reported for patients with MDR TB [39, 40].

The summary estimate of patients who died—20.8% (95% CI,
14.2%-27.3%)—is also higher than that reported for MDR TB
populations, further corroborating the higher lethality of this
form of the disease [40].

This study provides preliminary evidence that later-genera-
tion fluoroquinolones may improve treatment outcomes for
patients with XDR TB and suggests that further study of their
efficacy is urgently needed. To our knowledge, this is one of
the first reports of a positive association between any treatment
intervention and improved XDR TB treatment outcomes.
When XDR TB does occur, testing for resistance to later-gen-
eration fluoroquinolones, systematic reporting of treatment in-
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terventions and outcomes, treating with a later-generation flu-

oroquinolone, and pooling of smaller cohorts are needed to

strengthen the evidence base for treatment of this virulent form

of the disease.
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