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Abstract

Rationale: Optimizing pyrazinamide dosing is critical to
improve treatment efficacy while minimizing toxicity during
tuberculosis treatment. Study 31/AIDS Clinical Trials Group
A5349 represents the largest phase 3 randomized controlled
therapeutic trial to date for such an investigation.

Objectives: We sought to report pyrazinamide pharmacokinetic
parameters, risk factors for lower pyrazinamide exposure, and
relationships between pyrazinamide exposure and efficacy and
safety outcomes. We aimed to determine pyrazinamide dosing
strategies that optimize risks and benefits.

Methods: We analyzed pyrazinamide steady-state
pharmacokinetic data using population nonlinear mixed-effects
models. We evaluated the contribution of pyrazinamide exposure
to long-term efficacy using parametric time-to-event models and
safety outcomes using logistic regression. We evaluated optimal
dosing with therapeutic windows targeting >95% durable cure
and safety within the observed proportion of the primary safety
outcome.

Measurements and Main Results: Among 2,255 participants
with 6,978 plasma samples, pyrazinamide displayed sevenfold
exposure variability (151–1,053 mg�h/L). Body weight was not a
clinically relevant predictor of drug clearance and thus did not justify
the need for weight-banded dosing. Both clinical and safety outcomes
were associated with pyrazinamide exposure, resulting in therapeutic
windows of 231–355 mg � h/L for the control and 226–349 mg�h/L
for the rifapentine–moxifloxacin regimen. Flat dosing of pyrazinamide
at 1,000 mg would have permitted an additional 13.1% (n=96)
of participants allocated to the control and 9.2% (n=70) to the
rifapentine–moxifloxacin regimen dosed within the therapeutic
window, compared with the current weight-banded dosing.

Conclusions: Flat dosing of pyrazinamide at 1,000 mg/d would
be readily implementable and could optimize treatment outcomes
in drug-susceptible tuberculosis.

Clinical trial registered with www.clinicaltrials.gov (NCT
02410772).
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Tuberculosis (TB) remains a significant
global health challenge, with 10.6 million
new cases and 1.3 million deaths reported by
theWorld Health Organization in 2022 (1).
Pyrazinamide plays a crucial role in the
treatment of TB by killing nonreplicating

persisters that other companion drugs fail to
kill (2–4). The current pyrazinamide dose
was determined from historic clinical trials,
but the rationale behind it remains a subject
of ongoing debate. Before 1970, high daily
doses (3,000 mg) and prolonged use of
pyrazinamide were believed to lead to
hepatotoxicity, limiting its use as a first-
line agent for TB treatment (5, 6).
Subsequent trials explored lower daily doses
(1,000–2,000 mg or 16–34 mg/kg) in
combination with rifampicin, shortening
treatment duration to 6 months with
acceptable toxicity (7–10). These findings led
to the adoption of the standard 6-month
treatment with pyrazinamide for the initial
2 months. Currently, theWorld Health
Organization and U.S. treatment guidelines
recommend a daily dose of 20–30 mg/kg for
most persons, with a maximum of 2,000 mg
for drug-susceptible TB (11, 12).

Achieving a balance between efficacy
and safety in pyrazinamide dosing has been
challenging because of interindividual
pharmacokinetic (PK) variability and the
lack of a clear relationship between exposure
and treatment outcomes. Previous studies
suggested that various factors, including sex
(13–15), body weight (13, 14, 16–20), food
intake (21–26), and immune function
changes (14, 15, 27), are associated with
interindividual PK variability of
pyrazinamide, but these findings have been
inconsistent across studies. Furthermore,
PK–pharmacodynamic (PKPD) and
simulation studies suggest higher doses

might achieve increased efficacy (28, 29).
However, increasing pyrazinamide dose
raises concerns about potential drug-related
toxicities.

The TB Trials Consortium (TBTC)
and the AIDS Clinical Trials Group
(ACTG) conducted a landmark
international, multicenter, phase 3 trial,
TBTC Study 31/ACTGA5349 (S31/A5349;
NCT 02410772), which demonstrated
the noninferiority of a 4-month
rifapentine–moxifloxacin–containing regi-
men compared with the 6-month control
(30, 31). This trial collected the most diverse
and robust PK dataset to date with long-term
clinically relevant outcomes. The objectives
of our analysis were to 1) develop a nonlinear
population PKmodel that can describe
pyrazinamide plasma concentration–time
trajectories, 2) identify covariates
predisposing subpopulations at risk for
pyrazinamide underexposure, 3) understand
the contribution of pyrazinamide exposure
on efficacy and safety outcomes, and
4) evaluate an alternative dosing strategy in
comparison with current weight-banded
dosing.

Methods

Study Design and PK Sampling
The trial was approved by the CDC
Institutional Review Board (IRB). Each
participating institution provided for the
review and approval of this protocol and its
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Subject: The current pyrazinamide
weight-banded dosing strategy for
drug-susceptible tuberculosis
evolved because of concerns about
high-dose pyrazinamide’s role in
hepatoxicity. Balancing efficacy
and safety for pyrazinamide use
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pharmacokinetic variability and
unclear exposure–response
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What This Study Adds to the
Field: We performed the largest
pyrazinamide exposure–response
and safety analysis to date in
relation to participant factors and
clinically relevant treatment
outcomes. Our evidence shows that
flat dosing of pyrazinamide at 1,000
mg/d provides a better balance of
risks and benefits over the current
weight-banded dosing.
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informed consent documents by a local IRB
or ethics committee or relied formally on the
CDC IRB approval.

S31/A5349 enrolled participants
>12 years of age with drug-susceptible
pulmonary TB. Participants were randomly
assigned to one of three regimens, all
containing pyrazinamide: a 6-month control
regimen comprising isoniazid, rifampicin,
pyrazinamide, and ethambutol (control
regimen); a 4-month regimen comprising
isoniazid, rifapentine, pyrazinamide, and
ethambutol (rifapentine regimen); and a
4-month regimen comprising isoniazid,
rifapentine, pyrazinamide, and moxifloxacin
(rifapentine–moxifloxacin regimen).
Pyrazinamide was administered once daily
for 7 days per week during the initial 2 months
according to weight bands at 1,000mg for
40 to,55 kg, 1,500mg for 55–75 kg, and
2,000mg for.75 kg. The two 4-month
regimens were administered within 1 hour
after food intake, and the 6-month control
regimen was administered without food.

Plasma samples were collected during
visits fromWeeks 2–8. Intensive sampling
was performed on a small subset of
participants allocated to 4-month regimens
at 0.5, 3, 5, 9, 12, and 24 hours after dosing.
All other participants underwent sparse
sampling at 0.5 and 5–8 hours after dosing
for 4-month regimens and at 0.5, 5–8, and
16 hours after dosing for the 6-month
control. Plasma concentrations were
measured using validated HPLC assays.

Modeling Software and Methods
We randomly divided PK data into analysis
dataset (two-thirds) for model development
and a validation dataset (one-third) for
model validation.We analyzed PK data using
nonlinear mixed-effects modeling with
NONMEM version 7.5 (ICONDevelopment
Solutions), followed standard procedures,
and included covariates in the final PK
model on the basis of statistical significance,
scientific plausibility, and clinical relevance.

PK Efficacy and PK Safety Analysis
We used steady-state area under the
concentration–time curve (AUCss) and peak
concentration (Cmax) as the markers of
pyrazinamide exposure in efficacy and safety
analyses. The primary efficacy outcome was
time to TB-related unfavorable outcomes
over 12 months of follow-up after
randomization, while the primary safety
outcome was any grade 3 or higher adverse
event during the on-treatment period.We

defined the therapeutic window for
pyrazinamide by examining the relationship
between exposure markers and primary
efficacy and safety outcomes, which served as
a close representation of treatment response.
We bounded the therapeutic window such
that>95% of participants would achieve
durable cure and<18% would have grade 3
or higher adverse events, reflecting the
observed performance of the noninferior
4-month rifapentine–moxifloxacin regimen
(31). Additional safety outcomes used were
aligned with the original trial publication by
Dorman and colleagues (31). We evaluated
the contribution of pyrazinamide exposure
to the primary efficacy outcome using
parametric time-to-event models. We
performed safety analyses controlling for age
using logistic regression and considered tests
with two-sided P, 0.05 as statistically
significant. We also conducted a sensitivity
analysis assessing adverse events 2 months
after treatment initiation when pyrazinamide
was discontinued.

Dosing Simulations
We performedMonte Carlo simulations
with the final PKmodel to compare the
current weight-banded and proposed flat
dosing strategies at 1,000 and 1,500 mg/d,
regardless of body weight. Further
methodologic details are available in the
data supplement.

Results

Data Characteristics
A total of 2,255 participants in S31/A5349
had pyrazinamide PK data available and
were included in the analysis. The final
dataset included 6,978 evaluable PK samples
(Table 1). Table 1 includes the baseline
demographic and clinical characteristics of
the study participants in cohorts for PK
modeling (e.g., analysis, validation, and full).
Figure 1 shows plasma pyrazinamide
concentration–time profiles stratified by
treatment regimens and doses. In each
treatment arm, dose-dependent exposure
and linear elimination were observed
across all dose levels. The time to reach
pyrazinamide Cmax appeared to be delayed in
the 4-month regimens compared with the
6-month control.

Pyrazinamide Population PK Model
Pyrazinamide’s PK profile was best described
with a one-compartment disposition with

first-order linear elimination and first-order
absorption with one absorption transit
compartment (see Figure E1 in the data
supplement). The apparent clearance of
pyrazinamide was 3.53 L/h, and the apparent
volume of distribution in the central
compartment was 33.4 L, resulting in a
terminal half-life of 6.6 hours (Table 2). As
only nine (0.1%) evaluable PK samples were
below the limit of quantification at 0.5 mg/L,
we used half of the limit of quantification at
0.25 mg/L as the concentration for these
samples in modeling. The final PKmodel
demonstrated a moderate fit to the observed
data (Figures 2 and E2). The reestimated PK
parameters for the full cohort (analysis and
validation cohort) were not substantially
different from the parameter estimates from
the analysis cohort for model development
(see Table E1).

Impact of Covariates on
Pyrazinamide’s PK Profile
Higher pyrazinamide doses at 1,500 and
2,000 mg resulted in lower apparent
bioavailability at 80% and 70% relative to
1,000 mg, respectively (Table 2). Women had
16.3% higher apparent bioavailability
compared with men. Participants who self-
reported Asian race showed a 41.8% lower
absorption mean transit time compared with
those who self-reported Black or mixed race.
The differences observed in the absorption of
pyrazinamide were further explained by food
effects. The 6-month control regimen was
administered on an empty stomach to
maximize rifampicin absorption (22, 25),
whereas the 4-month regimens were
administered with food to maximize
rifapentine absorption (32). Receipt of the
treatment regimen while fasting decreased
pyrazinamide absorption mean transit time
by 51.9%.

We evaluated pyrazinamide AUCss and
Cmax distributions stratified by covariates
associated with interindividual PK variability
of pyrazinamide, including dose, sex, race,
and food effects (Figure 3). Notably, the
median (2.5th to 97.5th percentile range) of
AUCss was 351 (234–625) mg�h/L for the
1,500-mg group and 424 (303–658) mg�h/L
for the 2,000-mg group, both higher than
287 (196–510) mg�h/L in the 1,000-mg
group. Similarly, the median (2.5th to
97.5th percentile range) of Cmax was 33.5
(22.5–46.5) mg/L for the 1,500-mg group
and 40.8 (25.2–62.6) mg/L for the 2,000-mg
group, both higher than 27.8 (18.4–39.6) mg/L
in the 1,000-mg group.
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Pyrazinamide PK Efficacy and
PK Safety
All participants with PK data (n=2,255)
were included in the safety analysis, and
those in the microbiologically eligible
population (n=2,136) were included in the
efficacy and tolerability analyses. As Cmax

was more variable and less sensitive than
AUCss in predicting treatment response, we
chose AUCss as the PK exposure of choice in
the subsequent analyses (see the data

supplement for more details). From our
PKPD analysis, we found that decreasing
pyrazinamide AUCss, lower Xpert MTB/RIF
(Cepheid) cycle threshold, and older age
were associated with an increased hazard of
TB-related unfavorable outcomes in the
6-month control (see Tables E2 and E3). In
contrast, in the 4-month regimens,
rifapentine exposure was the most important
factor influencing the hazard of TB-related
unfavorable outcomes. After accounting for

rifapentine exposure, adding pyrazinamide
exposure did not improve prediction in the
4-month regimens.

After controlling for age, increasing
pyrazinamide AUCss was associated with
multiple safety outcomes in the 6-month
control and 4-month rifapentine–moxifloxacin
regimen (Figure 4; see Tables E4–E8). For the
6-month control, after adjustment for age,
each 100mg � h/L increase in pyrazinamide
AUCss was associated with increased risk of

Table 1. Participant Characteristics

Analysis Cohort (n=1,503) Validation Cohort (n=752) Full Cohort (n=2,255)

Demographics
Arm

6-mo control 489 (33) 242 (32) 731 (32)
4-mo rifapentine 515 (34) 246 (33) 761 (34)
4-mo rifapentine–moxifloxacin 499 (33) 264 (35) 763 (34)

Pyrazinamide daily dose
1,000 mg 875 (58) 447 (59) 1,322 (59)
1,500 mg 587 (39) 277 (37) 864 (38)
2,000 mg 41 (3) 28 (4) 69 (3)

Age, yr 31 (13–77) 31 (14–81) 31 (13–81)
Male sex 1,068 (71) 532 (71) 1,600 (71)
Height, cm 167 (140–200) 167 (140–194) 167 (140–200)
Weight, kg 53 (40–118) 53 (40–122) 53 (40–122)
BMI, kg/m2 19.0 (13.4–40.9) 19.1 (12.8–45.4) 19.0 (12.8–45.4)
Race

Black 1,057 (70) 544 (72) 1,601 (71)
Asian 176 (12) 88 (12) 264 (12)
Mixed/multiracial 248 (17) 111 (15) 359 (16)
White 22 (1) 9 (1) 31 (1)

Sub-Saharan African site 1,120 (75) 562 (75) 1,682 (75)
Clinical factors
Cavitation on chest radiograph*

Absent 392 (26) 186 (25) 578 (26)
,4 cm 509 (34) 240 (32) 749 (33)
>4 cm 595 (40) 317 (42) 912 (40)

Extent of disease on chest radiograph*
Lesions ,25% thoracic area 263 (18) 128 (17) 391(17)
Lesions 25% to ,50% thoracic area 657 (44) 342 (46) 999 (44)
Lesions >50% thoracic area 576 (38) 273 (36) 849 (38)

WHO smear grade†

Negative 53 (4) 27 (4) 80 (4)
Scanty or 1–9 acid-fast bacilli 254 (17) 137 (18) 391 (17)
11 347 (23) 167 (22) 514 (23)
21 456 (30) 212 (28) 668 (30)
31 392 (26) 207 (28) 599 (27)

Karnofsky score 90 (60–100) 90 (60–100) 90 (60–100)
Living with HIV‡ 124 (8) 61 (8) 185 (8)
History of diabetes 44 (3) 25 (3) 69 (3)

Evaluable PK samples
Total evaluable 4,633 2,345 6,978
Intensive sampling (.6 samples) 266 (6) 171 (7) 437 (6)
Below limit of quantification 4 (0.09) 5 (0.2) 9 (0.1)

Definition of abbreviations: BMI=body mass index; PK=pharmacokinetic; WHO=World Health Organization.
Data are expressed as n (%); continuous variables are expressed as median (range). The entire PK dataset was split into model analysis and
validation cohorts. The split was performed by randomly stratifying participants on the basis of clinical site and HIV status, which aligned with
the original trial design.
*Sixteen participants were missing chest X-ray readouts.
†Three participants were missing WHO smear grade.
‡One participant had unknown HIV status.
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Figure 1. Observed pyrazinamide plasma concentration with respect to time after dose. Circles represent individual samples, and solid lines
represent medians. Data are stratified by treatment regimens (left, 6-month control; middle, 4-month rifapentine-containing regimen; right,
4-month rifapentine–moxifloxacin–containing regimen) and by dose (green, 1,000 mg; purple, 1,500 mg; yellow, 2,000 mg).

Table 2. Bootstrap of Final Pyrazinamide Population Pharmacokinetic Model

Final Full Model

Parameter Estimate 95% CI RSE (%)

Typical values
CL/F, L/h 3.53 3.47–3.58 0.8
Vc/F, L 33.4 32.9–33.9 0.8
DOSEF (1,500 mg) 0.80 0.78–0.81 0.9
DOSEF (2,000 mg) 0.70 0.66–0.73 2.4
MTT, h 1.31 1.24–1.36 2.0

Covariate effects
% Increase in FEMALEF 16.3 13.8–18.7 6.3
% Decrease in RACEMTT 41.8 28.9–49.2 8.4
% Decrease in FOODMTT 51.9 47.0–55.9 3.7

IIV
%CV* for IIV CL/F 25.1 23.8–26.3 2.1
%CV* for IIV of MTT 95.8 91.7–98.6 1.7

Residual variability
SD of additive residual error 0.47 0.38–0.56 8.6
% Increase in residual error 17.5 16.3–18.6 3.2

Definition of abbreviations: CI=confidence interval; CL/F=apparent clearance; CV=coefficient of variation; DOSEF (1,500 mg) = apparent
bioavailability of 1,500-mg dose; DOSEF (2,000 mg) = apparent bioavailability of 2,000-mg dose; FEMALEF=bioavailability for female sex;
FOODMTT=mean transit time at fasting state; IIV= interindividual variability; MTT=mean transit time; RACEMTT =mean transit time for Asian
relative to Black and mixed race; RSE= relative SE; Vc/F= apparent volume of distribution of central compartment.
MTT= (11FOODMTT3FOOD)3 (11RACEMTT3RACE), where FOOD=0 or 1 for 6-month control or two 4-month regimens, respectively;
RACE=0 or 1 for Black/mixed race or Asian race. F= (11 FEMALEF3FEMALE)3 (DOSEF), where FEMALE=0 or 1 for male or female; DOSEF

was estimated separately for higher doses (e.g., 1,500 or 2,000 mg) assuming reference 1,000 mg with apparent bioavailability of 1.
*Defined as %CV=1003 sqrt[exp(v2)2 1], where v2 is the variation of the interindividual random effects.
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grade 3 or higher adverse events (adjusted
odds ratio [aOR], 1.39 [95% confidence
interval (CI), 1.16–1.67]), grade 3 or higher
treatment-related adverse events (aOR, 1.45
[95% CI, 1.16–1.80]), discontinuation of
assigned treatment for any adverse event (aOR,
2.40 [95% CI, 1.19–4.80]), total bilirubin 3

times or above the upper limit of the normal
range (ULN) (aOR, 2.21 [95% CI, 1.31–3.76]),
alanine aminotransferase or aspartate
aminotransferase>5 times ULN (aOR, 1.66
[95%, 1.14–2.35]), serious adverse events
(aOR, 1.54 [95% CI, 1.18–1.99]), andHy’s law
(aOR, 2.01 [95% CI, 1.07–3.46]). For the

4-month rifapentine–moxifloxacin regimen,
after adjusting for age, each 100mg�h/L
increase in pyrazinamide AUCss was
associated with increased risk of grade 3 or
higher adverse events (aOR, 1.22 [95% CI,
1.03–1.43]), grade 3 or higher treatment-
related adverse events (aOR, 1.36 [95% CI,

Figure 2. Prediction-corrected visual predictive checks for the full cohort. Visual predictive checks for data are stratified by 6-month control and
4-month investigational regimens. Dots show observed pyrazinamide plasma concentration, solid lines show the median of the observed data,
dashed lines show the 5th and 95th percentiles of the observed data, and shaded areas show 95% confidence intervals of the 5th percentile
(blue), median (gray), and 95th percentile (blue) of model predicted simulations.
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Figure 3. Dose stratification with respect to PK metrics. Model-derived PK metrics are depicted, stratified by covariates associated with
interindividual PK variability of pyrazinamide (dose, sex, race, and food effects). Black lines show the 2.5th percentile to 97.5th percentile range
of pyrazinamide AUCss and Cmax distributions. Dots show stratified median values for each respective group with alternating shades.
AUCss = steady-state area under the concentration–time curve; Cmax =peak concentration; PK=pharmacokinetic.
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1.13–1.63]), discontinuation of assigned
treatment for any adverse event (aOR, 1.97
[95% CI, 1.17–3.12]), total bilirubin>3 times
ULN (aOR, 1.82 [95% CI, 1.35–2.42]), and
Hy’s law (aOR, 1.70 [95% CI, 1.02–2.57]). In
our sensitivity analysis excluding adverse
events occurring after pyrazinamide had
been stopped, the associations between
pyrazinamide exposure and trial-defined safety
outcomes remained consistent (see Table E9).

On the basis of the exposure–response
relationships described above, we constructed
therapeutic windows: 231–355mg�h/L for the
6-month control and 226–349mg�h/L for the
4-month rifapentine–moxifloxacin regimen.
As shown in Figure 5, in the 6-month control,
pyrazinamide AUCss at 231mg � h/L (95% CI,
201–239mg�h/L) was associated with 95%
durable cure, and pyrazinamide AUCss at
355mg�h/L (95% CI, 303–414mg�h/L) was
associated with 18% probability of grade 3
or higher adverse events. In the 4-month
rifapentine–moxifloxacin regimen,
pyrazinamide AUCss at 349mg�h/L (95% CI,
299–405mg�h/L) was associated with 18%
probability of grade 3 or higher adverse events
and the fifth percentile of the pyrazinamide
AUCss used for the lower bound of the
therapeutic window.

Pyrazinamide Weight-Banded Dosing
versus Flat Dosing
Pyrazinamide exhibited dose-dependent
bioavailability, and body weight did not
significantly modulate pyrazinamide clearance
(see Figures E1 and E3).We compared
simulated pyrazinamide exposure
distributions in the current weight-banded
dosing and proposed flat dosing strategies,
then calculated the proportion of participants
within the respective therapeutic window
(Figure 6). In the 6-month control, flat dosing
of pyrazinamide at 1,000mg achieved 68.9%
(n=504) participants within the therapeutic
window, while weight-banded dosing reached
55.8% (n=408) and flat dosing at 1,500mg
reached 46.2% (n=338). In the 4-month
rifapentine–moxifloxacin regimen, the
pyrazinamide 1,000-mg flat dosing strategy
achieved 66.3% (n=506) participants within
the therapeutic window, compared with 57.1%
(n=436) with weight-banded dosing and
41.8% (n=319) with 1,500-mg flat dosing.

Discussion

We present the largest single-trial analysis of
pyrazinamide’s population PK profile to date

and its relationship to treatment efficacy and
safety in S31/A5349. In our analysis,
pyrazinamide had sevenfold variability in
AUCss among participants receiving weight-
banded doses. The wide variability of
pyrazinamide exposure poses challenges for
understanding its current and future dosing
in TB regimens. Our results established
several findings to guide pyrazinamide
dosing strategies: 1) pyrazinamide exhibits
dose-related bioavailability, which does
not support weight-banded dosing;
2) exposure–response relationships are
likely regimen specific; and 3) flat dosing of
pyrazinamide at 1,000 mg/d would be readily
implementable for optimizing treatment
efficacy and safety for persons receiving the
6-month control and 4-month
rifapentine–moxifloxacin regimens.

Although pyrazinamide clearance is
linear, we observed lower-than-dose-
proportional exposure with all treatment
regimens. This suggests that as the
pyrazinamide dose increases, either clearance
increases from increasing body weight or the
bioavailability of pyrazinamide decreases.
We found that pyrazinamide clearance was
not dependent on body weight; instead,
bioavailability explained pyrazinamide
clearance in a dose-dependent fashion.
Higher pyrazinamide doses displayed lower-
than-dose-proportional increases in both
AUCss and Cmax. As sex, race, and food
effects largely explained variability in
absorption, Cmax distributions were
more variable across subgroups of these
covariates compared with AUCss. Genetic
polymorphisms in xanthine oxidase, a major
metabolizer of pyrazinamide, might account
for PK differences in sex and race (33). We
also considered food effects to explain
delayed absorption patterns in 4-month
regimens, confirming that food reduces
pyrazinamide Cmax without affecting overall
exposure (21, 24, 26).

Low pyrazinamide exposure has been
consistently associated with lower sputum
culture conversion rates and unfavorable
outcomes (treatment failure, recurrence, or
death) (29, 34, 35). Our PKPDmodeling
confirmed that adequate pyrazinamide
exposure was an important factor in
ensuring relapse-free cure 12 months after
randomization in the 6-month control. The
contribution of pyrazinamide to treatment
efficacy is likely to be regimen/duration
specific and highly dependent on other drugs
in the respective regimen. In two phase 2
trials, TBTC Study 27 (moxifloxacin

substituted for ethambutol) and TBTC Study
28 (moxifloxacin substituted for isoniazid),
pyrazinamide PK parameters were the only
significant predictors of time to culture
conversion (28). In another phase 2
multiarm, multistage trial (Pan African
Consortium for the Evaluation of
Antituberculosis Antibiotics MAMS-TB
[Evaluation of SQ109, High-Dose
Rifampicin, andMoxifloxacin in Adults with
Smear-Positive Pulmonary TB in aMAMS
Design]) assessing combinations with higher
dose rifampicin, moxifloxacin, and SQ-109, a
significant exposure–efficacy relationship for
pyrazinamide was more prominent with
higher rifampicin exposure (28, 36).
Furthermore, in the 4-month rifapentine-
based regimens in S31/A5349, rifapentine
exposure was the most important predictor
of treatment efficacy. Here, we confirmed
that higher pyrazinamide exposure was
associated with improved efficacy for the
6-month control but not for the 4-month
rifapentine-based regimens.

We found significant pyrazinamide
exposure–toxicity relationships in the
6-month control and 4-month
rifapentine–moxifloxacin regimens. The
effect of pyrazinamide exposure on toxicity
was modest; for each 100 mg � h/L increase in
exposure, the point estimates for the primary
safety outcome were 1.39 for the 6-month
control regimen and 1.22 for the 4-month
rifapentine–moxifloxacin regimen. Because
of relatively low event rates overall, we
could not make strong conclusions about
associations found in nonprimary and
secondary safety outcomes in these arms. On
the contrary, pyrazinamide exposure in the
4-month rifapentine regimen was not
associated with any safety outcomes
evaluated. The fewer grade 3 or higher
adverse events in the 4-month rifapentine
regimen reduced the power to detect a
relationship between pyrazinamide exposure
and safety.

Hepatotoxicity has traditionally been
the most concerning adverse event with
pyrazinamide. For instance, when dosed
above 40 mg/kg, a high incidence (5–10%)
of hepatotoxicity was reported, almost
leading to abandonment of the dose (37).
Pyrazinamide is associated with transient
and asymptomatic elevations in liver
enzyme concentrations and is a well-known
cause of clinically apparent acute liver injury
that can be severe and even fatal. In our
study, 39 of 2,255 (2%) participants
experienced hepatotoxicity, defined as
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Figure 5. Pyrazinamide steady-state area under the concentration–time curve (AUCss) associated with primary efficacy and safety outcomes.
(A) In the 6-month standard regimen, the therapeutic window of pyrazinamide AUCss between 231 and 355 mg�h/L was associated with <18%
observed grade 3 or higher adverse event while maintaining 95% durable cure at 12 months after treatment initiation. (B) In the 4-month
rifapentine–moxifloxacin regimen, therapeutic window of pyrazinamide AUCss between 226 and 349 was associated with <18% observed grade
3 or higher adverse event. The solid teal line indicates the median probability without tuberculosis (TB)–related unfavorable outcomes at given
pyrazinamide AUCss, and teal-shaded areas indicate the 95% CI. The solid red lines indicate the median probability of grade 3 or higher
adverse event at given pyrazinamide AUCss, and red-shaded areas indicate the 95% CI. A solid teal line with shaded areas is not pictured in B,
because pyrazinamide AUCss was not associated with TB-related unfavorable outcomes for the 4-month rifapentine–moxifloxacin regimen. The
teal dotted line shows the pyrazinamide AUCss predicted to achieve the targeted primary efficacy outcome threshold. The red dotted line at the
upper boundary of the therapeutic window shows the pyrazinamide AUCss predicted to achieve the observed primary safety outcome. The red
dotted line at the lower boundary of the therapeutic window in B shows the fifth percentile of the pyrazinamide AUCss used to predict the
primary safety outcome. The purple shade shows the therapeutic window constructed on the basis of the exposure and response relationship
described above.
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aspartate aminotransferase or alanine
aminotransferase concentrations>5 times
ULN. Among those 2%, pyrazinamide
exposure was associated with hepatotoxicity
on the basis of events in very few participants
in the 6-month control arm (n=15).

Clinically apparent liver disease has
been observed with pyrazinamide in other
contexts. The use of a short, 2-month
course of combination therapy with
rifampicin and pyrazinamide for latent TB
was abandoned because of the frequency of
severe liver injury that was occasionally fatal
(38, 39). Hepatic adverse events have been
observed in trials with the administration of

pretomanid in combination with
pyrazinamide (40, 41). The underlying
mechanism of pyrazinamide on
hepatotoxicity is unknown, in part because
the drug is used only in combination with
other TB drugs that might be hepatotoxic
(42). The impact of pyrazinamide on
hepatotoxicity might exhibit both dose-
dependent and idiosyncratic effects.
Although one study reported minimal to no
increase in hepatotoxicity at higher doses
(43), another indicated a potential
association between pyrazinamide dose
and increase incidence and severity of
hepatotoxicity (44).

We found that pyrazinamide’s role in
modulating treatment response is highly
dependent on other companion agents. In
scenarios in which the regimen includes a
more potent drug, the clinical efficacy of
pyrazinamide might be less pronounced, but
its safety concerns persist. Our dosing
recommendation deviates from those of
previous studies, and we hypothesize that the
difference could stem from the selection of
regimen and efficacy outcomes. Zhang and
colleagues (28) proposed increasing
pyrazinamide doses using time-to-culture
conversion as an efficacy outcome.
Pasipanodya and colleagues (29) showed
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that pyrazinamide AUCss below 363 mg � h/L
was associated with poor treatment efficacy,
leading to subsequent studies’ recommending
higher pyrazinamide doses (13, 18). Our
therapeutic window contributes to previously
proposed dosing targets by using both long-
term treatment efficacy and safety outcomes,
thus enhancing clinical relevance and
generalizability. Further information will
come from an ongoing phase 2C randomized
controlled trial conducted by the Pan African
Consortium for the Evaluation of
Antituberculosis Antibiotics, which is
prospectively evaluating higher doses of
pyrazinamide (NCT 05807399).

We found that flat dosing of
pyrazinamide at 1,000 mg achieved a higher
proportion of participants within the
therapeutic window compared with weight-
banded dosing and flat dosing at 1,500 mg.
This therapeutic optimization was driven
primarily by mitigating the risk of
overdosing participants in higher weight
bands, who are more prone to experiencing
toxicity. As we derived therapeutic windows,
we considered the potential impact of
therapeutic drug monitoring for
pyrazinamide. Currently, guidelines
recommend the targeted use of therapeutic
drug monitoring, in certain clinical scenarios,
for the treatment of drug-susceptible TB
(12). Compared with current weight-banded

dosing, flat dosing of pyrazinamide at
1,000 mg would be easily implementable and
more convenient for both patients and
healthcare providers.

Our study has limitations. First, we
evaluated the effect of pyrazinamide
exposure on clinical outcomes in
combination regimens. We are thus only
observing associations and not establishing
causality. Second, despite demonstrating an
association between pyrazinamide exposure
and several safety outcomes, this study was
not able to elucidate the underlying
mechanism of pyrazinamide-induced
toxicity. These toxicities were also likely
confounded by rifampicin and/or isoniazid-
induced toxicity. Third, no pyrazinamide
metabolite PK profiles were collected in the
S31/A5349 trial. Thus, we were not able to
study the relationship between metabolite
exposure and clinical outcomes. Fourth, the
strong association between rifapentine
exposure and efficacy might have masked an
association between pyrazinamide exposure
and efficacy in the 4-month rifapentine
regimens. Fifth, the fewer grade 3 or higher
adverse events in the 4-month rifapentine
regimen reduced our power to detect a
relationship between pyrazinamide exposure
and safety in that arm.

Our study also has many strengths.
First, we comprehensively evaluated an

abundance of relevant covariates that could
affect pyrazinamide PK and treatment
outcomes in the largest and most diverse
single-trial cohort of drug-susceptible TB.
Second, we have developed regimen-specific
therapeutic windows for two regimens
that are currently endorsed for treating
drug-susceptible TB. Third, our dose
recommendations were formulated on the
basis of the balance of treatment efficacy and
safety, which might simplify regimens with a
goal to reduce patient, healthcare providers,
and healthcare system burden.

Conclusions
In summary, flat dosing of pyrazinamide
at 1,000 mg/d can bring additional benefits
in treating drug-susceptible TB. This
finding enables further evaluation of fixed-
dose combinations with pyrazinamide
while making these combinations safer,
more effective, and more convenient for
patients.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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