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Shortening Tuberculosis Treatment With
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The disappointing recent failure of fluoroquinolone-containing regimens to shorten the duration of tuberculosis treatment in costly
phase 3 trials has raised serious questions about the reliability of preclinical tuberculosis models, especially mice, and the current
paradigm of regimen development. Therefore we re-examined data from murine models and early-stage clinical trials on which the
pivotal trials were based, concluding that phase 3 trial results were in line with preceding studies. Finally, we offer suggestions for a
more efficient and integrated preclinical and clinical regimen development program where quantitative pharmacokinetic and phar-
macodynamic models more predictive of curative treatment durations are set forth.
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Tuberculosis exacts a massive toll on humanity. And yet there
has been no substantial innovation in the regimens used to treat
drug-susceptible pulmonary tuberculosis for over 3 decades.
The composition and duration of the current first-line regimen
was defined by dozens of randomized clinical trials conducted
by the British Medical Research Council (BMRC), its partners,
and other trial groups over a 30-year period beginning with the
first randomized clinical trial in medicine demonstrating the ef-
ficacy of streptomycin [1, 2]. Key advances over this period in-
cluded the use of combination therapy to reduce the risk of drug
resistance, incorporation of rifampin and pyrazinamide to
shorten the duration of treatment from at least 18 months to
6 months, and the substitution of ethambutol for streptomycin
to provide a fully oral regimen. These trials also established pre-
vention of relapse after treatment as the gold standard measure
of treatment success.

The so-called short-course regimen for drug-susceptible tu-
berculosis consists of a 2-month intensive phase of rifampin
(R), isoniazid (H), pyrazinamide (Z), and ethambutol (E), fol-
lowed by a 4-month continuation phase of rifampin and isonia-
zid (abbreviated as 2RHZE/4RH) [3]. Although it is considered
highly effective, implementing this lengthy and complex regimen
consumes substantial health system resources and still results in
high rates of initial default (diagnosed patients who never initi-
ate treatment) and a further 5%–10% default rate during treat-
ment [3].Although further shortening and simplification of this

regimen has been a major objective of tuberculosis drug devel-
opment efforts, the process is long and costly and suffers from a
profound lack of investment [4]. In particular, phase 3 clinical
trials relying on relapse after treatment completion as a primary
outcome measure require large sample sizes and up to 10 years
to advance from inception to publication of results. Given these
obstacles, phase 3 trial designs rely heavily on results from pre-
clinical models and phase 2 trials studying surrogate endpoints.
Until recently, preclinical studies evaluating novel regimens
have been limited largely to mice. Despite having forecast the
treatment-shortening potential of rifampin and pyrazinamide,
murine models draw legitimate criticism for their pathological
dissimilarity to human tuberculosis and interspecies differences
in drug pharmacokinetics [5]. Likewise, whereas the results of
clinical trials introducing rifampin and pyrazinamide into reg-
imens suggested a relationship between the proportion of pa-
tients achieving negative sputum cultures at 2 months and
proportions relapsing after treatment [6], the ability of this bi-
nary endpoint to forecast the duration of treatment needed to
prevent relapse in a sufficiently high proportion of patients re-
mains uncertain [7–9].

The evaluation of new experimental regimens in phase 3 tri-
als offers a heretofore rare and important opportunity to re-
examine the utility of the tools and analyses employed during
preclinical and clinical regimen development. The highly antic-
ipated results of phase 3 trials evaluating 4-month treatment
regimens incorporating moxifloxacin and gatifloxacin into the
first-line regimen were recently published [10–12]. Although
these trials uniformly failed to achieve their primary objective
of demonstrating the noninferiority of the 4-month fluoroquin-
olone-containing regimens compared to the standard 6-month
regimen and rightfully cast doubt on the current state-of-the-art
of tuberculosis regimen development, the opportunity to critically
re-examine the results and interpretations of the preclinical and
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early clinical studies on which these trials were based should not
be lost.

Interest in using fluoroquinolones to treat tuberculosis
emerged after demonstrations of the in vitro and in vivo activity
of ciprofloxacin and ofloxacin against Mycobacterium tubercu-
losis and their clinical efficacy against MDR-TB [13, 14]. Excite-
ment intensified with the development of more potent
fluoroquinolones in the 1990s: levofloxacin (L) and two 8-
methoxyquinolones, moxifloxacin (M) and gatifloxacin (G)
[15]. On the basis of in vitro activity data and limited murine
model data on the antituberculosis activity of these agents
[16], three phase 2 trials were launched to evaluate whether re-
placing the largely bacteriostatic agent ethambutol with moxi-
floxacin or gatifloxacin during the 2-month initial phase of
treatment would increase the rate of sputum culture conversion.
Investigators were soon encouraged by a report of few relapses
after treatment with 4-month regimens incorporating ofloxacin
into the first-line regimen (from a trial notably lacking a control
group on standard therapy) [17]. By 2004, moxifloxacin had
demonstrated early bactericidal activity (EBA) comparable to
isoniazid in tuberculosis patients, and similar results soon fol-
lowed for gatifloxacin and high-dose (ie, 1 g daily) levofloxacin
[18–20]. After a concomitant series of experiments in mice in-
dicated that replacing isoniazid with moxifloxacin increased the

bactericidal activity of the first-line regimen and shortened the
duration of treatment required to prevent relapse after treat-
ment completion [21, 22], a fourth phase 2 trial was launched
to evaluate this substitution [23].

The results of these phase 2 clinical trials were mixed
(Table 1). In the multicenter trial replacing ethambutol with
moxifloxacin, the RHZM arms had a higher proportion of sub-
jects with negative sputum cultures after 4 and 6 weeks, but not
after 8 weeks, of treatment compared to the RHZE arms [24]. In
the single-site trial conducted in Brazil, subjects receiving
RHZM were more likely to have negative weekly sputum cul-
tures at weeks 2 through 5, as well as week 8 of treatment and
had a significantly shorter median time to sputum culture con-
version [25]. In the OFLOTUB phase 2 trial, the use of moxiflox-
acin or gatifloxacin in place of ethambutol resulted in a more
rapid decline of colony-forming unit counts in sputum but the
use of ofloxacin did not [26]. However, in the nonlinear mixed
effects model, the RHZM and RHZG arms reached the lower
limit of detection in sputum culture only 1 week earlier than the
RHZE control arm. Moreover, in the secondary analysis com-
paring the proportions of subjects with negative sputum cultures
after 8 weeks of treatment, no fluoroquinolone-containing arm
was statistically superior to the control arm. The multicenter
trial evaluating the substitution of moxifloxacin for isoniazid

Table 1. Phase 2 Clinical Trial Results With Fluoroquinolone-containing Regimens

Reference of Clinical
Trial and Study Period

Number and Location
of Clinical Sites

Number of Subjects
Enrolled/Analyzed

Proportion of HIV
Infected Subjects Regimen Outcome

P (vs
Control)

Phase
2a

Gosling et al [18]
2003

1 site in Tanzania 43 enrolled/
32 analyzed for
EBA

12% (5 patients) H 300 mg 5 d Mean EBA (in log10
CFU/mL/d) = 0.77

NS

R 600 mg 5 d 0.28

M 400 mg 5 d 0.53

Pletz et al [19]
2004

1 site in Germany 17 enrolled/
17 analyzed

0% (excluded) H 6 mg/kg 5 d Mean EBA (in log10
CFU/mL/d) = 0.21

NS

M 400 mg 5 d 0.27

Johnson et al [20]
2006

≥3 sites in Brazil 40 enrolled/
38 analyzed in
extended EBA

0% (excluded) H 300 mg 7 d Mean EBA between
d2–7 (in log10
CFU/mL) = 0.08

NS

L 1000 mg 7 d 0.18

M 400 mg 7 d 0.17

G 400 mg 7 d 0.17

Reference of Clinical
Trial and Study Period

Number and Location
of Clinical Sites

Number of Subjects
Enrolled/Analyzed

Proportion of HIV
Infected Patients Regimen

Negative Sputum at
8 wks (SolidMedium)

P (vs
Control)

Phase
2b

Burman et al [24]
July 2003–
March 2005

22 sites in 4 countries
in North America
and Africa

336 enrolled/
277 analyzed

22% (60 patients) 2RHZE 71%a NS

2RHZM 71%a

Conde et al [25]
October 2004–
March 2007

1 site in Brazil 170 enrolled/
146 analyzed in
mITT

3% (5 patients) 2RHZE 63% .03 (mITT)

2RHZM 80%

Rustomjee et al [26]
June 2004–June
2005

4 sites in South Africa 217 enrolled/
205 analyzed

59% (127 patients) 2RHZE 64% NS

2RHZM 82%

2RHZG 77%

Dorman et al [23]
February 2006–
March 2007

22 sites in 5 countries
in the Americas,
Africa and Europe

443 enrolled/
381 analyzed in
mITT

11% (35 patients) 2RHZE 87% .19 (mITT)

2RMZE 91%

Abbreviations: CFU, colony-forming unit; EBA, early bactericidal activity; HIV, human immunodeficiency virus; mITT, modified intention to treat; NS, not significant.
a Combined results on solid and liquid media.
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found a nonsignificant 6% difference in the proportion with
negative sputum cultures at 8 weeks [23]. A similar modest
but statistically significant difference in sputum culture conver-
sion at 2 months was observed in a later trial [27]. Despite the
inconsistent and altogether modest benefit of the fluoroquino-
lones in phase 2 trials, large phase 3 trials were organized and
launched, even before all phase 2 results were available.

Whereas the phase 2 trial results were mixed, the phase 3 tri-
als provided a definitive and disappointing answer. Three trials
evaluated the replacement of ethambutol with moxifloxacin [10,
11] or gatifloxacin [10, 12] (Table 2). The REMox TB trial was a
double-blind randomized trial comparing two 4-month moxi-
floxacin-containing regimens (2RHZM/2RHM and 2RMZE/
2RM) to the 6-month control (2RHZE/4RH) [11]. Despite
modestly faster time to sputum culture conversion, unfavorable
outcomes (failure or relapse by 18 months after enrollment) oc-
curred earlier and more frequently in the experimental arms
compared to the control arm. The South Indian trial was an
open label randomized trial comparing both 2RHZM/2RHM
and 2RHZG/2RHG to 2RHZE/4RH but with each regimen ad-
ministered thrice weekly instead of daily [10]. Initiation of the
moxifloxacin arm was delayed for 1 year due to difficulty pro-
curing the drug. Compared to the control arm, sputum culture
conversion at 2 months was higher in the moxifloxacin arm but
not the gatifloxacin arm. However, the trial was prematurely ter-
minated due to higher tuberculosis recurrence rates in the gati-
floxacin arm. The moxifloxacin arm was terminated 8 months
later, having enrolled fewer subjects than the other 2 arms (118
vs 170 and 141). The difference in recurrence rates in the moxi-
floxacin and control arms was not statistically significant. How-
ever, the fewer subjects enrolled in the former arm may have
further reduced the statistical power of the analyses. In the
OFLOTUB open label randomized trial comparing 2RHZG/
2RHG to 2RHZE/4RH [12], receipt of gatifloxacin was not as-
sociated with improved sputum culture conversion at 2 months.
Moreover, the proportion of subjects with unfavorable
outcomes (failure, relapse, or reinfection at 24 months post-
enrollment, or death or withdrawal during treatment) was
21% in the experimental arm vs 17% in the control arm

(modified intention to treat (mITT) analysis), a difference driv-
en largely by a higher recurrence rate in gatifloxacin arm (14.6%
vs 7.1%). The higher rates of unfavorable outcomes in the con-
trol arms in each trial compared to the oft-quoted efficacy rate
of ≥95% derived from historical trials are likely multifactorial in
nature. Contributing factors include analyses based on mITT
rather than per protocol populations and enrollment of
human immunodeficiency virus (HIV) coinfected subjects
(who had more unfavorable outcomes in the REMox-TB and
OFLOTUB trials but were excluded in the South Indian trial).
One may also speculate about the negative impact of the reduc-
tion in pyrazinamide dose over time [28] and replacement of
streptomycin with ethambutol in today’s regimens [29] (espe-
cially among subjects infected with isoniazid-resistant isolates,
who had numerically higher unfavorable outcomes in each
trial). These results justify ongoing and future trials aimed at
further optimization of the first-line regimen.

The failure of these phase 3 trials to demonstrate a treatment
shortening effect of fluoroquinolones has amplified concerns
about the reliability of the preclinical and early clinical approach-
es to regimen development that informed their design. The mu-
rine models used to evaluate moxifloxacin-containing regimens
have acknowledged limitations [30], but did they provide inaccu-
rate information for forecasting the treatment-shortening poten-
tial of these regimens? To answer this question, we compiled
relapse data from all published murine model studies comparing
regimens substituting moxifloxacin for either isoniazid or etham-
butol with the standard of care and determined the magnitude of
the treatment-shortening effect associated with moxifloxacin,
based on relapse rates after treatment. Similar data for gatifloxa-
cin do not exist in the published literature. Murine studies were
grouped according to route of infection, incubation period,
mouse strain, and experimental regimen tested. For each regimen
in each group, the relapse data were combined to produce aggre-
gate proportions of mice relapsing after receiving each regimen
for various durations and the 95% confidence interval (95%
CI). Figure 1 illustrates how the treatment shortening effect of
a test regimen was estimated relative to a control regimen
where the treatment shortening effect is approximately 1.5

Table 2. Phase 3 Clinical Trial Results With Fluoroquinolone-containing Regimens

Reference of Clinical
Trial and Study Period

Number and Location
of Clinical Sites

Number of Subject
Enrolled/Analyzed

Proportion of HIV
Infected Subjects Regimen

Unfavorable
Outcomes

P (vs Control)
mITT Analysis

REMox TB trial [11]
January 2004–
October 2013

9 countries in Africa, Asia,
Central America

(>15 sites)

1931 enrolled/
1674 included in mITT

7% (110 patients) 2RHZE/4RH 16% . . .

2RHZM/2RHM 23% NS

2RMZE/2RM 24% NS

South Indian trial [10]
May 2004–
October 2006

2 sites in South India 429 enrolled/
416 included in mITT

0% (excluded) 2RHZE/4RH 9% . . .

2RHZM/2RHM 11% .38

2RHZG/2RHG 20% .02

OFLOTUB trial [12]
June 2005–
October 2009

5 countries in Africa 1836 enrolled/
1585 included in mITT

18% (304 patients) 2RHZE/4RH 17% . . .

2RHZG/2RHG 21% NS

Abbreviations: HIV, human immunodeficiency virus; mITT, modified intention to treat; NS, not significant.
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months. If a test regimen is capable of shortening the treatment
duration by a margin that is between 1 and 2 months, then the
proportion of mice relapsing should fall between the yellow and
the green lines (Figure 1B). And if a test regimen is not capable of
shortening the treatment by at least 1 month, the proportion of
mice relapsing should fall above the yellow line.

Prior to the completion of the phase 3 trials, the impact of
replacing isoniazid with moxifloxacin was studied in 3 different
murine models (subacute high-dose aerosol infection, subacute
high-dose intravenous (IV) infection, and chronic low-dose
aerosol infection) in experiments conducted by 3 independent
groups of investigators using 3 different mouse strains and 2 dif-
ferent strains of M. tuberculosis. Based on the proportions of
mice relapsing after treatment with various durations of each
regimen (Figure 2), the overall size of the treatment-shortening
effect of substituting moxifloxacin for isoniazid ranged from a
maximum of between 1 and 2 months in the high-dose, suba-
cute infection models (Figure 2A and 2B) to 1 month or less for
the low-dose, chronic infection models (Figure 2C and 2D) but
never reached 2 months [21, 30–32, 34]. Fewer murine data
comparing 2RHZM/RHM with 2RHZ/RH, with or without E,
are available. However, the effect size associated with use of
moxifloxacin was clearly <1 month (Figure 2E and 2F ) [35].
In all regimens, Z and E were discontinued after 2 months.

How does the size of the treatment-shortening effect in mice
compare to human results? The REMox-TB and South Indian
trials were designed to determine whether the moxifloxacin-
containing regimens enable a 2-month reduction in treatment
duration. Whether a smaller margin of benefit similar to that
observed in the murine models exists in patients can only be in-
ferred from the available data. Using a meta-regression model of
the phase 2 trial results to estimate the duration of therapy

necessary to prevent relapse, Wallis et al predicted that moxi-
floxacin may have “a role . . . to shorten treatment to 5
months; however, further shortening to 4 months was predicted
to incur increased relapse risk” [8]. As the impact of moxiflox-
acin on sputum culture conversion in the phase 3 trials was sim-
ilar to that observed in the phase 2 trials on which the model
was based, the data from murine and human studies are consis-
tent in finding that moxifloxacin-containing regimens may be
superior to the current first-line regimen, but that the margin
of benefit is not sufficiently large to enable shortening the du-
ration of treatment by 2 months.

Post-mortem examinations of the decision making that led to
the trials evaluating 4-month fluoroquinolone-containing regi-
mens have emphasized the perceived inadequacies of commonly
used murine models that do not develop caseating or cavitating
lung lesions and surrogate markers based on sputum culture con-
version to represent the sterilizing activity of regimens in the clin-
ic. We share the views that further development and validation of
more pathologically similar, yet reproducible, animal models
such as C3HeB/FeJ mice [30], rabbits, and marmosets [36] is war-
ranted, as each may develop cavitary disease. We also agree that
more predictive biomarkers for phase 2 trials should be sought.
However, the analyses of murine model data presented here and
the predictions from the model of Wallis et al [8] suggest that the
principal failure in the development of these regimens was not
misplaced confidence in murine models and trials based on spu-
tum culture-based surrogate endpoints but, rather, an overly
optimistic translation of the output from these studies into expec-
tations of a 2-month treatment-shortening effect.

Rather than discrediting highly tractable murine models and
existing microbiological tools as uninformative [37], these late
stage regimen “failures” should push the tuberculosis drug

Figure 1. Estimating treatment-shortening effects. Solid red triangles represent the proportion of mice relapsing after receiving the control regimen for various durations
(error bars represent the 95% confidence interval) (see panel A). Yellow line indicates the hypothetical proportion of mice expected to relapse if a test regimen was capable of
shortening the duration of treatment by 1 month without affecting the relapse rate. Likewise, the green line indicates the hypothetical proportion of mice expected to relapse if a
test regimen was capable of shortening the duration of treatment by 2 months. Blue circle indicates the proportion of mice relapsing after treatment with the test regimen. If the
test regimen is capable of shortening the treatment duration by 2 months or more, then the proportion of mice relapsing should fall within the green filled area under this curve.
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development community to critically examine how existing as
well as emerging tools could be used more effectively to develop
more accurate predictions of the treatment-shortening potential

of new regimens. One key gap to fill is our inability to identify
patients at highest risk of relapse, as such patients determine
the necessary treatment duration and are therefore the most

Figure 2. Shortening effects of moxifloxacin-containing regimens. See Figure 1 for explanation of the schematic. A, high-dose aerosol infection model in BALB/c mice, where
substitution of M for H conferred a treatment-shortening effect that falls between 1 and 2 months (4 experiments) [21, 31–33]; (B) high-dose intravenous infection model in
Swiss and BALB/c mice, where substitution of M for H conferred a treatment-shortening effect of <2 months (2 experiments) [31, 34]; (C) low-dose aerosol infection model in
BALB/c mice, where substitution of M for H conferred a treatment-shortening effect of 1 month (3 experiments) [31, 35]; (D) low-dose aerosol infection model in C3HeB/FeJ
mice, where substitution of M for H conferred a treatment-shortening effect of <1 month (2 experiments) [35]; (E ) low-dose aerosol infection model in BALB/c mice, where
substitution of M for E conferred a treatment-shortening effect of <1 month (2 experiments) [31, 35]; (F ) low-dose aerosol infection model in C3HeB/FeJ mice, where substitution
of M for E conferred a treatment-shortening effect of <1 month (2 experiments) [31, 35].
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informative when evaluating the treatment-shortening potential
of a new regimen, whether in phase 2 or phase 3. Subgroup anal-
yses from the OFLOTUB trial revealed that the 4-month gatiflox-
acin-containing regimen met noninferiority criteria in patients
without cavitary disease but not those with cavities [12]. This re-
sult, like other similar results [38], indicates that noncavitary dis-
ease may be among the criteria that could be used to identify a
subset of patients that would benefit from use of a 4-month flu-
oroquinolone containing regimen. On the other hand, it indicates
that in phase 2 trials subjects with noncavitary disease are less in-
formative for predicting necessary treatment durations for the
entire tuberculosis patient population. Future phase 2 trials
may be more efficient and informative regarding such “one-
size-fits-all” shortening regimens if they exclude subjects with
noncavitary disease or otherwise enroll adequate numbers of par-
ticipants with cavities to allow robust subgroup analysis.

The factors contributing to the relapse diathesis associated
with cavitary disease are multifactorial and include higher bac-
terial burdens, reduced drug penetration to the site of infection,
and lack of adequate immune effector function at the cavity sur-
face. The impact of initial bacterial burden, as measured by spu-
tum smear grade or time-to-positivity in liquid culture systems,
on relapse has recently been confirmed [39]. Not all predictors
of relapse may be evident at treatment initiation. Other predic-
tors may only emerge during therapy. For example, low systemic
exposures to key sterilizing drugs (ie, rifamycins and pyrazina-
mide) due to pharmacokinetic variability among patient popu-
lations reduces the rate of sputum sterilization [40–43] and
would be expected to interact with cavitation to amplify the
risk of relapse. One simple hypothesis is that patients beginning
treatment with the highest bacterial burdens and experiencing
the slowest decline in bacterial burdens (eg, as measured by
the β-slope in liquid culture systems [40]) over the initial 4–
12 weeks of treatment constitute a subset most likely to relapse.
Because a sizeable proportion of these patients remain culture-
positive at 8 weeks, especially using more sensitive liquid culture
systems, current phase 2 endpoints based on the proportion of
subjects converting cultures at 8 weeks are inappropriately
weighted toward outcomes in the patients least likely to relapse.

Although more detailed analyses of the phase 3 trial data are
underway, we postulate that individual subjects’ serial time-to-
positivity data from liquid culture systems could be used to es-
timate the bacterial burden at initiation of treatment and over
time on treatment in order to develop quantitative models of
bacterial burden over time for individual subjects and that
these curves could be extrapolated to a “sterilization” endpoint
(or “cure boundary”) predictive of the duration of treatment
needed to prevent relapse. Such an approach may have to be ad-
justed for important variables related to host immune status and
for viable bacterial populations not present in, or not cultivable
from, sputum. If successful, pharmacokinetic/pharmacody-
namic (PK/PD) data could be incorporated to build integrative

PK/PD models that could reveal further opportunities for regi-
men optimization and improve trial design. For example, it has
been suggested that higher doses of moxifloxacin to counter
metabolic induction by rifampin may have improved outcomes
in the phase 3 trials. Rifapentine exposure was recently found to
be strongly associated with sputum culture conversion [41] and
the derived PK/PD model has been instrumental in planning an
upcoming phase 3 trial. Similar quantitative analyses could be
applied to, and refined in, preclinical models to provide a
more predictive translational PK/PD-based framework for
dose optimization, regimen selection, and clinical trial predic-
tion. In this paradigm, hypotheses based on quantitative PK/
PD relationships for component drugs developed in qualified
preclinical models would be tested and refined in phase 2 trials
to build greater confidence that a new regimen will perform as
expected in phase 3. What preclinical models are qualified to
provide data for this framework? To date, the hollow fiber
model of tuberculosis is the only preclinical efficacy model
that has been presented to a regulatory agency for (and re-
ceived) a formal qualification decision for use in tuberculosis
regimen development [44]. However, the Critical Path for TB
Regimens initiative is currently evaluating a number of in
vivo models, including traditional mouse strains as well as
C3HeB/FeJ mice, marmosets, and other more pathologically
similar models, for the qualification process. Rather than relying
on any one preclinical model for the inputs needed for this PK/
PD-based framework, it is likely that the use of different models
with different qualifications (ie, some more tractable, some
more closely representing human pathology, etc) in a coordinat-
ed and complementary fashion will constitute the most effective
critical path. Importantly, the iterative approach to developing
quantitative PK/PD models that seek to link preclinical and
clinical outcomes is likely the most powerful and efficient way
to determine which preclinical models are indeed qualified to
inform tuberculosis regimen development. Although it will
take time to perform gap-filling experiments and analyses,
this ultimately may be the best way to understand what preclin-
ical models and early-stage clinical trials can really tell us.
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