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Bacterial killing in patients with tuberculosis (TB) relapse was
compared to that in patients achieving cure, measured by TB
molecular bacterial load assay (TB-MBLA) or mycobacteria
growth indicator tube (MGIT) time to positivity (TTP). TB-
MBLA in 4 relapsed patients was significantly different
compared to 132 cured patients after 2 weeks of treatment;
MGIT TTP showed a significant difference from week 8.
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The majority of patients with tuberculosis (TB) disease can be
cured with,6 months of therapy [1, 2], whereas others benefit
from an extension to prevent poor treatment outcomes [3].
Markers that identify these subgroups reliably would allow in-
dividualized treatment durations, but these are currently not
available.

In clinical trials researching new, shorter treatments, such
markers could lead to shorter trials by avoiding long-term
follow-up, provide a better basis for drug development
decisions than culture with its imperfect predictive accuracy,
and provide operational advantages such as a shorter time to

result and reduced missing data by avoiding culture contami-
nation [4].
The TB molecular bacterial load assay (TB-MBLA) enumer-

ates live Mycobacterium tuberculosis in samples through
reverse-transcription polymerase chain reaction of 16S ribo-
somal RNA, corrected by an internal reference standard [5].
The assay was developed as a replacement of culture media
for detecting TB, and so far in clinical trials has shown good
correlation to culture, but has not been evaluated against a
long-term clinical outcome [6, 7].
We evaluated TB-MBLA as a biomarker for long-term clin-

ical outcomes, especially relapse, in Tanzanian patients of the
PanACEA multi-arm, multi-stage trial (PanACEA MAMS)
(NCT01785186).
This adds on to previous evaluations that were compared

with other quantitative culture measurements over just 2 weeks
and 3 months of treatment [7, 8].

METHODS

The PanACEA MAMS TB-01 trial was a 5-arm trial, which as-
sessed 4 experimental treatment regimens including 2 higher
doses of rifampicin, moxifloxacin, and SQ109. The trial was
conducted in 3 sites in Tanzania and 4 sites in South Africa,
and is described elsewhere in more detail [9]. Only
Tanzanian patients were included in this TB-MBLA study.
All patients who responded well clinically and/or had at least
1 negative culture toward the end of treatment provided the ba-
sis for this study; 1 patient with treatment failure was censored
from this analysis. Patients were followed up until 6 months af-
ter end of treatment by telephone calls or on-site visits if partic-
ipants were unwell. Recurrence was based on eventual need for
retreatment, and assumed to be relapse. An outcome of cure, no
information, or relapse was assigned at the end of follow-up.
The “no information” outcome was assigned when insufficient
follow-up data were available. This work evaluated Tanzanian
participants, using sputum samples taken weekly up to week
12, and intermittently up to the end of treatment. Bacterial
load was measured by mycobacteria growth indicator tube
(MGIT) time to positivity (TTP) and by TB-MBLA, from 2 dif-
ferent sputum samples.
For analyses of long-term endpoint, and differences in killing

by treatment arm, the natural log scaled (MBLA mean log
colony-forming units+1) and TTP (days) were analyzed by ad-
justed pairwise Dunn test at observed time points to compare
between 3 outcome groups. The summary statistics and the dif-
ference between the cured against relapse group with multiple
correction adjustment are presented using the Dunn test. The
analysis was performed using the PMCMR package in R [10].
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Negative cultures were considered to have a TTP of 42 days.
Contaminated cultures were considered as missing. ForMBLA,
single intermediate negative results were considered as missing
values in the longitudinal evaluation.

Furthermore, for the longitudinal data analysis of the out-
comes of TB-MBLA or TTP over time, linear mixed models
were used for estimating inter- and intraindividual variation
over time with quadratic time effects to describe bacterial
load changes. The quadratic effects were assumed to
account for the nonlinear evolution with flattening after a cer-
tain time point of observation as seen in the figure. The used
model for analysis is reproduced in the Supplementary
Materials (supplementary methods).

In analogy to the MAMS primary endpoint, defined as time
to the first of 2 negative MGIT cultures at successive visits (see
Supplementary Table 2 for visit timing), we similarly assessed
time to zero bacterial load, defined as the first of 2 negative/
zero results at successive visits. Since the time to event out-
comes are typically associated with censoring, we performed
a Cox proportional hazards model and describe the difference
between the relapse and the cured groups. Similar methods
were used for the analysis of time to culture conversion, and
the comparison to time to zero TB-MBLA has been presented
previously [8].

RESULTS

Of 147 participants with data on TB-MBLA and MGIT TTP
over the 26-week treatment period, 4 suffered disease recur-
rence (assumed to be relapse), 132 achieved cure, and in 11 cas-
es no outcome could be determined.

Group-wise modeling of quantitative TB-MBLA using data
up to the treatment week specified showed significant differ-
ences between the relapse and the healthy groups as early as
week 2 and 3, and more consistently from week 6 (Table 1,
Supplementary Table 2). For MGIT TTP, the groupwise differ-
ence was observed at week 8 of treatment (Table 1,
Supplementary Table 3). Additionally, the analysis of the longi-
tudinal model showed the significant effect of both linear and
quadratic time effects β5 and β8 for the relapse group compared
to the cured group that was statistically significant at 5% level
for the outcome of MBLA but not for TTP (Supplementary
Tables 3 and 4).

To estimate the precision of differentiation between
the cured and relapse groups by the 10-week TB-MBLA decline
or MGIT TTP increase, the upper bound of the 95% credible
interval (CI) of the cured group was selected after visual inspec-
tion of Figure 1 as a cutoff, prioritizing the correct prediction of
relapse patients, which meant that 67.9% (76/112) of cured pa-
tients and 100% (4/4) of relapsed patients were correctly classi-
fied, respectively (Table 1, Supplementary Table 2). For MGIT
TTD, using the lower bound of the 95% CI of the cured group,

75% (54/72) of cured and 75% (3/4) of relapsed patients were
correctly identified (Table 1, Supplementary Table 3). Besides
similar accuracy, the higher amount of missing data in
MGIT classification should be noted, which was up to 73 of
136 at week 14; for MBLA, only 29 of 136 were missing
(Supplementary Figure 1, Supplementary Tables 1 and 2).
Analyzing the primary endpoint of the MAMS trial, time

to at least 2 successive negative MGIT results or 2 consecutive
zero TB-MBLA and correlation to long-term unsuccessful
outcome showed significant difference between relapse and
cured groups (P= .015 for MGIT vs P= .048 for TB-MBLA;
Supplementary Figure 2, Supplementary Table 1). Time to
first negative measurement was not significantly different be-
tween outcome groups for both assays (data not shown). We
then assessed TTP increase and TB-MBLA decline by
treatment arm and found those to be not substantially
different across treatment arms (Supplementary Figure 3).
Superiority of the 35 mg/kg rifampicin arm, which had been
the main finding from the MAMS trial, had been predominant
in South African patients, for whom this assay was not
measured.

DISCUSSION

Adding on to previous work that quantified the concordance
between TB-MBLA and MGIT measurements [8], we now
show encouraging data on quantitative TB-MBLA predicting
long-term unfavorable outcome, identifying at-risk patients
earlier than MGIT TTP—absence of contamination (missing
data) and shorter time-to-result being added advantages. This
supports the use of MBLA as a clinical trials endpoint when
groupwise means are required, and if found to be sufficiently
precise in larger studies, could be used to determine treatment
duration for individuals.
TB-MBLA superiority could be due to better precision, but

also due to the fact that change in MGIT TTP is a summary
measure of postantibiotic lag of growth of still-viable organisms
and definite killing, whereas TB-MBLA may be more closely
aligned with viable bacterial count, possibly including noncul-
tivable organisms that nevertheless seem important for out-
come [11]. However, an observation of TB-MBLA positivity
at end of treatment alone was not sufficient to predict adverse
outcome, in line with others who found that 37% of cured pa-
tients still had detectable TBmessenger RNA in their sputum at
the end of treatment [12].
The main limitation of this work is the small number of pa-

tients with unsuccessful outcome; larger trials will be needed.
Our finding of delayed killing in the group of patients with

relapse has further implications. Since new, shorter treatments
must prevent relapse to be successful [2], new treatments will
have to accelerate bacterial load clearance not only in summary
measurements of the entire cohort, but mainly in the slowest
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responders to be successful and achieve acceptable rates of
relapse.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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