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Risk-stratified treatment for drug-
susceptible pulmonary tuberculosis

Vincent K. Chang1,2, Marjorie Z. Imperial1,2, Patrick P. J. Phillips 2,3,
Gustavo E. Velásquez2,4, Payam Nahid2,3, Andrew Vernon5,
Ekaterina V. Kurbatova5, Susan Swindells6, Richard E. Chaisson 7,
Susan E. Dorman8, John L. Johnson 9,10, Marc Weiner11, Amina Jindani12,
Thomas Harrison12, Erin E. Sizemore5, William Whitworth5, Wendy Carr5,
Kia E. Bryant5, Deron Burton5, Kelly E. Dooley13, Melissa Engle11,
Pheona Nsubuga10, Andreas H. Diacon14, Nguyen Viet Nhung15,16,
Rodney Dawson17, Radojka M. Savic 1,2 , AIDS Clinical Trial Group* &
Tuberculosis Trials Consortium*

The Phase 3 randomized controlled trial, TBTC Study 31/ACTG A5349
(NCT02410772) demonstrated that a 4-month rifapentine-moxifloxacin regi-
men for drug-susceptible pulmonary tuberculosis was safe and effective. The
primary efficacy outcomewas 12-month tuberculosis disease free survival, while
the primary safety outcome was the proportion of grade 3 or higher adverse
events during the treatment period.We conducted an analysis of demographic,
clinical, microbiologic, radiographic, and pharmacokinetic data and identified
risk factors for unfavorable outcomes and adverse events. Among participants
receiving the rifapentine-moxifloxacin regimen, low rifapentine exposure is the
strongest driver of tuberculosis-related unfavorable outcomes (HR 0.65 for
every 100 µg∙h/mL increase, 95%CI 0.54–0.77). The only other risk factors
identified are markers of higher baseline disease severity, namely Xpert MTB/
RIF cycle threshold and extent of disease on baseline chest radiography (Xpert:
HR 1.43 for every 3-cycle-thresholddecrease, 95%CI 1.07–1.91; extensivedisease:
HR 2.02, 95%CI 1.07–3.82). From these risk factors, we developed a simple risk
stratification to classify disease phenotypes as easier-, moderately-harder, or
harder-to-treat TB. Notably, high rifapentine exposures are not associated with
any predefined adverse safety outcomes. Our results suggest that the easier-to-
treat subgroup may be eligible for further treatment shortening while the
harder-to-treat subgroup may need higher doses or longer treatment.

TBTC Study 31/A5349 was a Phase 3 international multicenter
randomized controlled trial that compared 4-month regimens of
daily isoniazid, rifapentine, and pyrazinamide plus either moxifloxacin
(rifapentine-moxifloxacin regimen) or ethambutol (rifapentine-
regimen) to the 6-month standard treatment of isoniazid, rifampin,
pyrazinamide, and ethambutol (control regimen) for the treatment of

drug-susceptible pulmonary tuberculosis. The 4-month rifapentine-
moxifloxacin regimen demonstrated noninferior efficacy and
comparable safety to the control (primary results published inNEJM)1,2,
making it the first 4-month regimen endorsed by both the World
Health Organization and the U.S. Centers for Disease Control and
Prevention (CDC) for the treatment of adolescents and adults with
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pulmonary tuberculosis3–5. While the rifapentine-regimen was not
shown to have noninferior efficacy to the control, 82% of participants
receiving it were cured2.

Tuberculosishas longbeen treatedwith aone-size-fits-all 6-month
regimen, as in the control regimen of Study 31/A5349. However, there
is increasing evidence that a subset of patients are overtreated, and
those with harder-to-treat TB (smear grade 3+ and cavitary disease)
require longer than the prescribed treatment duration6–9. Similarly, it
has been shown that the suboptimal efficacy of experimental regimens
containing rifamycins and fluoroquinolones for persons with harder-
to-treat TB is the primary reason underlying the unfavorable clinical
outcomes in recent Phase 3 clinical trials6. It is therefore essential that
we understand the key drivers of treatment response in disease phe-
notypes to help define the utility of current regimens and best prac-
tices for late-stage tuberculosis drug trials. To that end, Study 31/
A5349 incorporated pharmacokinetic sampling for all antituberculosis
drugs among all participants, providing an unprecedented opportu-
nity to establish the contribution of exposure-response relationships
to clinical outcomes for antituberculosis drugs, and permitting
insights into the complex interplay between disease severity, partici-
pant characteristics, regimen potency, and regimen duration on long-
term clinical outcomes 1.

Here, we report the results of prespecified Study 31/A5349 sec-
ondary analyses designed to assess pharmacokinetic, clinical, and
demographic markers for efficacy and safety outcomes among parti-
cipants treated with the 4-month rifapentine or rifapentine-
moxifloxacin regimens. Our objectives were to define risk-stratified
approaches for the optimal use of the novel 4-month rifapentine-
moxifloxacin regimen in clinical practice, to provide evidence for why
the 4-month rifapentine-regimen did not meet the noninferiority
margin, and to define disease phenotypes that were successfully cured
with the 4-month rifapentine-regimen.

Results
The microbiologically eligible population consisted of 2343 partici-
pants, of which 768 were in the control group, 784 in the rifapentine
group, and 791 in the rifapentine-moxifloxacin group. The study
population was mostly male (71%) and of self-reported Black race
(72%), with 11% self-reporting Asian race and 15% mixed race; the
median age was 30 years, and 8% of the study population was living
with HIV. Other participant characteristics are reported in Table 1.
Trial-level Kaplan Meier estimates by regimen are shown in Fig. S1.

Risk factors for tuberculosis-related unfavorable outcomes
Stratified Kaplan-Meier estimates and univariate Cox regression ana-
lysis (Fig. S2) demonstrated that below median exposures were asso-
ciated with increased hazard of tuberculosis-related unfavorable
outcomes for rifapentine (rifapentine-regimen: HR 3.81, 95% CI
2.22–6.55; rifapentine-moxifloxacin: HR 2.23, 95% CI 1.18–4.20), moxi-
floxacin (HR 2.00, 95% CI 1.09–3.65), isoniazid (rifapentine-regimen:
HR 1.79, 95% CI 1.09–2.95; not significant in control or rifapentine-
moxifloxacin regimens), ethambutol (rifapentine-regimen: HR 1.73,
95%CI 1.10–2.72; control: HR 2.43, 95%CI 1.01–5.88), and pyrazinamide
(not significant in rifapentine-regimen; rifapentine-moxifloxacin: HR
1.85, 95% CI 1.03–3.33; control: HR 2.46, 95% CI 1.10–5.54). Low rifam-
pin exposures were not associated with an increased hazard in the
control arm.

Participants with missing data were excluded from multivariable
analyses. Participants included: rifapentine-moxifloxacin regimen: 688
of 791 participants (87%), rifapentine-regimen: 675 of 784 participants
(86%), control regimen: 667 of 768 participants (87%). Among parti-
cipants receiving rifapentine-moxifloxacin, extensive disease on chest
radiography (defined as involvement of ≥50% thoracic cavity area on
chest radiography) and lower baseline Xpert MTB/RIF cycle threshold
were associated with an increased hazard of tuberculosis-related

unfavorable outcomes (extensive disease: HR 2.02, 95% CI 1.07–3.82;
Xpert: HR 1.43 for every 3–cycle-threshold decrease, 95% CI 1.07–1.91).
Higher rifapentine AUC0–24h was associated with a decreased hazard
(HR 0.65 for every 100 µg∙h/mL increase, 95% CI 0.54–0.77). All other
effects did not meet statistical criteria for inclusion in the model after
adjusting for rifapentine exposure (Fig. 1a).

Among participants receiving the rifapentine-regimen, older age,
lower weight, and lower baseline Xpert MTB/RIF cycle threshold were
associated with an increased hazard of tuberculosis-related unfavor-
able outcomes (age: HR 1.38 for every 10-year increase, 95% CI
1.13–1.68; weight: HR 1.76 for every 10-kg decrease, 95% CI 1.25–2.49;
Xpert: HR 1.54 for every 3–cycle-threshold decrease, 95% CI 1.24–1.93).
Higher rifapentine AUC0–24h was associated with a decreased hazard
(HR 0.77 for every 100 µg∙h/mL increase, 95% CI 0.63–0.95). Extensive
disease was associated with increased hazard in the baseline-factors-
only multivariable model (Fig. S3) but not after adjusting for rifa-
pentine exposure (HR 1.61 with ≥50% thoracic cavity, 95% CI
0.98–2.65) (Fig. 1b).

Among participants assigned to the control regimen, lower base-
line Xpert MTB/RIF cycle threshold was associated with an increased
hazard of tuberculosis-related unfavorable outcomes, and higher pyr-
azinamide AUC0–24h (but not rifampin) was associatedwith a decreased
hazard (Xpert MTB/RIF: HR 1.69 for every 3–cycle-threshold decrease,
95% CI 1.08–2.63; Pyrazinamide: HR 0.35 for every 100 µg∙h/mL
increase, 95% CI 0.15–0.83) (Fig. 1c).

Cox proportional hazards assumption were assessed in
Tables S1–S3 and demonstrated that most covariates met the pro-
portional hazards assumption. Univariate Cox analysis and univariate
subgroup analyses can be found in the supplement which yielded
similar results to the primary multivariable analysis (Tables S4-S6,
Fig. S4). Sensitivity analysis excluding imputed PK values demon-
strated limited impact of population PK model imputation of missing
PK values on the primary analysis (Tables S7, S8).

Risk Stratification Algorithm
We designed a simple risk algorithm for participants receiving the
rifapentine-moxifloxacin regimen: Xpert MTB/RIF cycle threshold
stratified above and below themedian (17.3 rounded to 18, themedian
cycle threshold value for participants with smear grade 1+, Fig. S5) and
extent of disease on chest radiography (above and below 50% invol-
vement of thoracic area). Rifapentine exposurewas excluded from the
risk algorithm as it requires therapeutic drug monitoring and thus is
not always available to clinicians in programmatic settings, and is not
available at baseline given the three-week autoinduction period of
rifamycins10. Easier-to-treat TB was defined as Xpert MTB/RIF cycle
threshold ≥18 and involvement of <50% thoracic area, harder-to-treat
TB was defined as Xpert MTB/RIF cycle threshold <18 and involvement
of ≥50% thoracic area, while the remaining population with either (i)
Xpert MTB/RIF cycle threshold <18 and involvement of <50% thoracic
area or (ii) Xpert MTB/RIF cycle threshold ≥18 and involvement of
≥50% thoracic area was defined as moderately-harder-to-treat TB.
Kaplan-Meier estimates stratified by regimen, disease phenotype, and
rifapentine exposure demonstrated that among participants with
above-median rifapentine exposure, 12-month outcomes were com-
parable across arms. In contrast, in participants with below-
median rifapentine exposure, the substitution of moxifloxacin for
ethambutol improved 12-month outcomes across all risk groups (low-
risk: 6.6% to 4.4%; moderate-risk: 11.3% to 6.1%; high-risk: 29.4% to
14.3%) (Fig. 2).

Disease phenotype subgroup analyses
These disease phenotypes demonstrated similar rates of
tuberculosis-related unfavorable outcomes across the rifapentine-
moxifloxacin and control regimens in the subpopulations at low risk
(risk difference 0.1%, 95% CI−3.4%–3.6%) and moderate risk (risk
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Table 1 | Summary of Demographics, Clinical Factors, Pharmacokinetics, Treatment and Safety Outcomes in the Micro-
biologically Eligible Population from Study 31/A5349

Rifapentine-Moxifloxacin
2HPZM/2HPM

Rifapentine
2HPZE/2HP

Control
2HRZE/4HR

Missing

Number of Participants 791 784 768 –

DEMOGRAPHIC FACTORS

Age [years] 31 (17–60) 30 (18–59) 30 (18–60) 0 (0)

Male Sex 563 (71) 563 (72) 544 (71) 0 (0)

Weight [kg] 53 (41–76) 53 (41–75) 53 (41–75) 1 (0)

BMI [kg/m2] 19.03 (15.23–27.90) 18.92 (14.87–27.54) 18.93 (15.03–27.37) 1 (0)

Race 0 (0)

Black 552 (70) 571 (73) 553 (72)

Mixed/Multiracial 137 (17) 112 (14) 114 (15)

Asian 89 (11) 93 (12) 86 (11)

White 13 (2) 8 (1) 15 (2)

African Clinical Site 578 (73) 573 (73) 565 (74) 0 (0)

BASELINE CLINICAL FACTORS

Xpert MTB/RIF cycle threshold 17.2 (10.6–24.3) 17.4 (11.8–25.7) 17.2 (11.5–25.2) 305 (13)

Time to Detection on Sputum Liquid Culture [days] 8.12 (3.10–3.17) 7.92 (3.82–19.01) 8.21 (3.73–19.3) 65 (3)

Cavitary Disease on Chest Radiography 572 (72) 572 (73) 557 (73) 0 (0)

Aggregate Cavity Size on Chest Radiography 15 (0.7)

No cavities 213 (27) 206 (26) 206 (27)

Cavities <4 cm 277 (35) 246 (32) 251 (33)

Cavities ≥ 4 cm 295 (38) 327 (42) 307 (40)

Extent of Disease on Chest Radiography 15 (0.7)

Lesions (<25%) thoracic area 155 (20) 135 (17) 120 (16)

Lesions (25% to <50%) thoracic area 360 (46) 343 (44) 343 (45)

Lesions (≥50%)thoracic area 270 (34) 301 (39) 301 (39)

Sputum AFB Smear Grade 2 (0.1)

Negative 29 (4) 32 (4) 21 (3)

Scanty 149 (19) 127 (16) 121 (16)

Grade 1 168 (21) 173 (22) 188 (25)

Grade 2 228 (29) 228 (29) 229 (30)

Grade 3 209 (26) 214 (27) 198 (26)

Positive (WHO scale not used) 7 (1) 9 (1) 10 (1)

Karnofsky Score 90 (70–100) 90 (70–100) 90 (70–100) 0 (0)

Living with HIV 62 (8) 68 (9) 64 (8) 1 (0)

CD4 Count 350 (118–673) 346 (133–795) 334 (108–773) 0 (0)

History of Diabetes 32 (4) 14 (2) 31 (4) 0 (0)

Smoking History 0 (0)

Never 431 (54) 409 (52) 391 (51)

Current 185 (23) 175 (22) 181 (24)

Former 175 (22) 200 (26) 196 (26)

History of Liver Disease 6 (1) 6 (1) 5 (1) 0 (0)

Prior Episode of TB 97 (12) 85 (11) 83 (11) 0 (0)

Time since Prior Episode of TB [years] 7.8 (0.9–42.7) 6.2 (0.9–33.6) 7.6 (0.7–40.6) 0 (0)

PHARMACOKINETICS

Rifapentine AUC0–24h [µg∙h/mL] 557.1 (276–983) 562.4 (302–1037) – 67 (4)

Moxifloxacin AUC0–24h [µg∙h/mL] 24.3 (15.3–44.1) – – 49 (6)

Isoniazid AUC0–24h [µg∙h/mL] 8.4 (6.0–24.6) 8.4 (6.0–23.1) 10.8 (7.4–28.8) 153 (7)

Pyrazinamide AUC0–24h [µg∙h/mL] 350 (229–590) 307 (214–553) 353 (258–577) 125 (5)

Ethambutol AUC0–24h [µg∙h/mL] – 15.7 (12.4–21.1) 15.0 (11.8–20.5) 138 (9)

Rifampin AUC0–24h [µg∙h/mL] – – 41.4 (22.1–147.1) 57 (6)

Rifapentine Cmax [µg /mL] 32.8 (19.2–51.9) 32.4 (19.5–53.4) – 67 (4)

Moxifloxacin Cmax [µg /mL] 2.56 (1.72–.35) – – 49 (6)

Isoniazid Cmax [µg /mL] 2.1 (1.2–3.1) 2.0 (1.2–2.7) 2.6 (1.9–3.2) 153 (7)

Pyrazinamide Cmax [µg /mL] 28.6 (19.0–44.8) 28.1 (22.3–42.8) 33.8 (26.9–46.6) 125 (5)

Article https://doi.org/10.1038/s41467-024-53273-7

Nature Communications | (2024)15:9400 3

www.nature.com/naturecommunications


Table 1 (continued) | Summary of Demographics, Clinical Factors, Pharmacokinetics, Treatment and Safety Outcomes in the
Microbiologically Eligible Population from Study 31/A5349

Rifapentine-Moxifloxacin
2HPZM/2HPM

Rifapentine
2HPZE/2HP

Control
2HRZE/4HR

Missing

Ethambutol Cmax [µg /mL] – 1.68 (1.05–3.14) 1.83 (1.24–3.12) 138 (9)

Rifampin Cmax [µg /mL] – – 8.6 (4.8–22.9) 57 (6)

ADHERENCE

Participants who received 95% of planned doses 734 (93) 743 (95) 705 (92) 7 (0)

TREATMENT OUTCOMES

Tuberculosis-Related Unfavorable Outcomes 45 (5.7) 75 (9.5) 24 (3.1) –

Not Tuberculosis-Related Unfavorable Outcomes 43 (5.4) 32 (4.1) 46 (5.9) –

Total Unfavorable Outcomes 88 (11.1) 107 (13.6) 70 (9.1) –

SAFETY OUTCOMES

Number of Participants (Safety Population) 846 835 825 –

Grade 3–5 adverse event 159 (18.8) 119 (14.3) 159 (19.3) –

Treatment-related grade 3–5 adverse event 109 (12.9) 64 (7.7) 81 (9.8) –

Any serious adverse event 37 (4.4) 39 (4.7) 56 (6.8) –

Death 3 (0.4) 4 (0.5) 7 (0.8) –

Premature discontinuation of assigned regimen for any reason in
the microbiologically eligible population

54/791 (6.8) 37/784 (4.7) 61/768 (7.9) –

Themicrobiologically eligible population excluded randomized participants for drug resistance,M. tuberculosis-negative culture, or violation of eligibility criteria at baseline. Data are shown as n (%)
for categorical measures and median (2.5th and 97.5th percentiles) for continuous measures.Abbreviations: AFB, acid-fast bacillus; AUC0–24h, area under the concentration-time curve from
0–24hours; BMI, body mass index; Cmax, maximal plasma concentration; HIV, human immunodeficiency virus
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Fig. 1 | Multivariable Hazard Ratios for Tuberculosis-Related Unfavorable
Outcomes. Multivariable analysis of pharmacokinetic and baseline predictors for
a rifapentine-moxifloxacin, b rifapentine, and c control regimens. Data are pre-
sented as hazard ratio estimates (point) and 95% confidence intervals (error bars).
aXpertMTB/RIF cycle threshold <18, 29/397 (7.3); XpertMTB/RIF cycle threshold≥

18, 10/296 (3.4), b Rifapentine exposure <560 µg∙h/mL, 31/402 (7.7); Rifapentine
exposure ≥ 560 µg∙h/mL, 14/389 (3.6), c Age <30 years, 21/354 (5.9); Age ≥ 30 years,

54/430 (12.6), dWeight <53 kg, 45/364 (12.4);Weight ≥ 53 kg, 30/419 (7.2), e Xpert
MTB/RIF cycle threshold <18, 54/397 (13.6); XpertMTB/RIF cycle threshold ≥ 18, 13/
284 (7.7), f Rifapentine exposure <560 µg∙h/mL, 58/386 (15.0); Rifapentine expo-
sure ≥ 560 µg∙h/mL, 17/398 (4.3), gXpertMTB/RIF cycle threshold <18, 15/399 (3.7);
Xpert MTB/RIF cycle threshold ≥ 18, 5/268 (1.9), h Pyrazinamide exposure
<336 µg∙h/mL, 14/304 (4.6); Pyrazinamide exposure ≥ 336 µg∙h/mL, 10/462 (2.2).
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difference 2.5%, 95% CI 0.1–4.9%). High-risk participants had higher
rates than control (risk difference 6.2%, 95% CI 0.5–11.9%). (Fig. 3a)
Among participants receiving the rifapentine regimen, we observed
similar rates of tuberculosis-related unfavorable outcomes when
compared to control in the subpopulations at low risk (risk differ-
ence 2.1%, 95% CI−2.0–6.1%). However, those classified as moderate-
or high-risk experienced higher rates than control (moderate-risk:
risk difference 4.8%; 95% CI 2.0–7.7%; high-risk: risk difference 13.9%;
95% CI, 7.6–20.2%). (Fig. 3b) TB-ReFLECT disease phenotypes
(harder-to-treat: Smear grade 2+ and cavitary disease) previously
described by Imperial et al. did not show differences in TB-related
unfavorable outcomes for participants on control and rifapentine-
moxifloxacin regimens but did for participants on the rifapentine
regimen (Fig. S6) 6.

Impact of adherence
Low numbers of participants were non-adherent, 705/768 (92%), 743/
784 (95%), and 734/791 (93%) participants were administered 95% of
planneddoses in the control, rifapentine, and rifapentine-moxifloxacin
regimens respectively. In univariate analysis, adherencewas associated
with increased hazard of TB-related unfavorable outcome in all regi-
mens (rifapentine-moxifloxacin: HR 1.22 for every week of missed
doses, 95% CI 1.11–1.33; rifapentine regimen: HR 1.16, 95% CI 1.05–1.28;
control: HR 1.45, 95% CI 1.23–1.72) (Fig. S7). In multivariable analysis,
adherence was associated with increased hazard of TB-related unfa-
vorable outcome in the rifapentine-moxifloxacin regimen (HR 1.31 for
every week of missed doses, 95% CI 1.19–1.44) and control (HR 1.37,
95% CI 1.12–1.67), but did not show a significant association in the
rifapentine regimen (HR 1.10, 95% CI 0.96–1.27) (Fig. 1, Table S9).
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Fig. 2 | Xpert MTB/RIF cycle threshold and extent of disease on chest radio-
graphy stratify participants into easier-to-treat TB, moderately-harder-to-
treat TB, and harder-to-treat TB disease phenotypes. Disease phenotypes were
defined by baseline Xpert MTB/RIF cycle threshold and extent of disease on chest
radiography, defined as the percent involvement of the area of the thoracic cavity.
Disease phenotypes were further stratified by rifamycin exposure, where Kaplan
Meier estimates demonstrated that easier-to-treat TB does not need exposure
optimization. Moderately-harder-to-treat TB among participants receiving the

rifapentine-regimen would require dose optimization to achieve optimal out-
comes. Participants with moderately-harder-to-treat TB receiving the rifapentine-
moxifloxacin regimen would benefit from dose optimization, however this would
not be required to achieve optimal outcomes. Participants with harder-to-treat TB
and high rifamycin exposure have similar outcomes across regimens, but none of
the regimens achieve <5% tuberculosis-related unfavorable outcomes regardless of
rifamycin exposure levels.
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Safety
Grade 3–5 adverse events by regimen are reported in Table S10. In
participants receiving rifapentine-moxifloxacin regimens, higher pyr-
azinamide exposures were associated with increased risk of any grade
3–5 adverse events (OR 1.22 for every 100 µg∙h/mL increase in
AUC0–24h, 95% CI 1.02–1.45) and treatment-related grade 3–5 adverse
events (OR 1.27, 95% CI 1.04–1.55). There were, however, no significant
associations between continuous rifapentine exposure and any of the
five composite safety outcomes. (Fig. 4). In univariate analysis, older
age, decreasing Karnofsky performance score at baseline, and history
of liver diseasewere also associated with any grade 3–5 adverse events
(Table S11). In multivariable analysis, older age (OR 1.22 for every 10-
year increase, 95% CI 1.06–1.41), history of liver disease (OR 7.43, 95%
CI 1.42–54.3), and higher pyrazinamide exposures (OR 1.23, 95% CI
1.03–1.47) were associated with higher risk of grade 3–5 adverse
events.

Among participants receiving the control regimen, univariate
logistic regression found female sex, higher BMI, higher baseline Xpert
MTB/RIF cycle threshold, history of diabetes, ethambutol AUC0–24h,
and pyrazinamide Cmax to be associated with increased risk of any
grade 3–5 adverse events (threshold P <0.05, Table S12). Multivariable
analysis found the following factors to be associated with increased
risk: female sex (OR 1.74, 95% CI 1.17–2.56) and Xpert MTB/RIF cycle
threshold (OR 1.22 for every 3-cycle-threshold increase, 95% CI

1.05–1.42). Univariate and multivariable safety analyses of rifapentine-
regimen and sensitivity analyses of imputed pharmacokinetic values
can be found in Tables S13–15.

External validation in RIFASHORT
We adjusted the risk stratification algorithm for use in a future clinical
trial design testing only two risk groups. Consequently, the easier-to-
treat TB and moderately-harder-to-treat TB phenotypes described
earlier have been combined for this validation. The adjusted risk
stratification algorithm included age, weight, disease extent on base-
line chest radiograph, and baseline Xpert MTB/RIF cycle thresh-
old value.

We stratified the modified intention-to-treat population across
the three RIFASHORT regimens, the control 6-month 600mg rifampin
control regimen, the two 4-month high dose rifampin regimens (1200
and 1800 mg). The control regimen had 65 (31.5%) participants with
the harder-to-treat TB phenotype of which 5 (7.69%) had TB-related
unfavorable outcomes, and 141 (68.5%) participants in the combined
easier-to-treat TB and moderately-harder-to-treat TB phenotype of
which 2 (1.42%) had a TB-related unfavorable outcome. In the four-
month high dose rifampin regimens, 111 (27.3%)were stratified into the
harder-to-treat TB phenotype of which 15 (13.5%) had TB-related
unfavorable outcomes, and 295 (72.7%) participants were in the com-
bined easier-to-treat TB andmoderately-harder-to-treat TB phenotype
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Fig. 3 | Risk Stratification Reveals a Low-Risk Subgroup where Further Treat-
ment Shortening and Simplification is Likely Possible and a High-Risk Sub-
group where Longer Treatment May Be Needed. The figure shows the results of
subgroup analyses of Study 31/A5349 risk groups, data are presented aspercentage
point differences (point) and 95% confidence intervals (error bars). Low and high
rifapentine subgroups in the experimental arms were compared to low and high
rifampin subgroups in the control arm. Two-tailed interaction p-values tested for
interaction between regimen (experimental vs. control) and the disease pheno-
types in a Cox proportional hazards model. a Analysis of the rifapentine-
moxifloxacin regimen demonstrates that the high-risk group, comprising 23% of

the Study 31/A5349 population, may require a longer and/or more potent regimen
to achieve ≤ 5% unfavorable outcomes. b Analysis of the rifapentine-regimen
demonstrates that the subpopulations at low risk regardless of rifapentine expo-
sure, andmoderate- or high-risk with high rifapentine exposure, comprising 62%of
the Study 31/A5349 population in the rifapentine arm, have small differences in
outcome when compared to the control. Additionally, in both rifapentine and
rifapentine-moxifloxacin regimens among participants with high rifapentine
exposure, the percentage point differences between experimental and control
regimens are small (<1.8%) across all risk groups.
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of which 16 (5.42%) had a TB-related unfavorable outcome. See Fig. 1
for Kaplan Meier estimates stratified by treatment arm and risk group
for visualization of the separation between the risk strata. See Fig. 5 for
Kaplan Meier estimates stratified by treatment arm and risk group for
visualization of the separation between the risk strata.

Discussion
In this work, we have shown that baseline disease severity (defined by
lower Xpert MTB/RIF cycle threshold and greater extent of disease on
chest radiography) were risk factors for tuberculosis-related unfavor-
able outcomes in the 4-month experimental arms of Study 31/A5349.
Low rifapentine exposure was a stronger predictor of tuberculosis-
related unfavorable outcome, even after adjusting for baseline risk
factors. Using just simple measures obtained at baseline, we could
classify patients into disease phenotypes associated with tuberculosis-

related unfavorable outcomes. Seventy-six percent of trial participants
had easier-to-treat TB (23%) or moderately-harder-to-treat TB (53%),
for whom the risk of tuberculosis-related unfavorable outcome was
low in the rifapentine-moxifloxacin and control regimens, indicating
an opportunity for exploring further treatment shortening.

Although we found rifapentine exposure to be the primary driver
of treatment success in Study 31/A5349, high rifapentine exposure was
not sufficient to achieve noninferior outcomes: the substitution of
ethambutol with moxifloxacin was necessary. The RIFASHORT trial
tested two 4-month high-dose rifampin regimens that failed to
demonstrate noninferiority compared to the 6-month standard dose
rifampin regimen, which is consistent with the finding from Study 31/
A5349 that the rifapentine regimen was not noninferior to the
control11. However, while the rifapentine-moxifloxacin regimen
demonstrated noninferiority, there is still room for improvement. To
ensure adequate exposure in the absence of therapeutic drug mon-
itoring, higher doses of rifapentine or longer treatment durations
(although untested) would likely lead to better outcomes in the sub-
populationwith harder-to-treat TB8. Broader availability of therapeutic
drug monitoring, including studies of its implementation, would also
support dose adjustments; this would be beneficial since individual
rifapentine exposure is highly variable (Fig. S8) 12–14.

We found no evidence that higher rifampin exposures, among
participants receiving the standard dose in the control arm, decreased
the risk of TB-related unfavorable outcomes. There is strong evidence
in the literature that high-dose rifampin decreases time to culture
conversion15–18; however, the lack of exposure-response for rifampin at
standard dose with respect to treatment outcomes is consistent with
previous studies17,18. Additionally, we observed only 24 (3.1%) TB-
related unfavorable outcomes in the control regimen which afforded
us little statistical power to detect risk factors. Study 31/A5349 availed
of excellent participant adherence.

We analyzed adherence separately after considering PK and
baseline factors; on-treatment factors were initially excluded to iden-
tify baseline risk factors clinicians can use to evaluate patients prior to
treatment selection and initiation. Adherence was excellent in Study
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Fig. 4 | Safety of the Rifapentine-Moxifloxacin regimen by Pyrazinamide and
Rifapentine exposure. (*) indicates significant by two-tailed logistic regression
(P <0.05). Among participants receiving the rifapentine-moxifloxacin regimen,
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31, as large majorities of participants were administered 95% of plan-
ned doses, which left little data to evaluate the adherence relationship.
Nevertheless, we confirmed previous TB-ReFLECT findings that
increasing adherence to treatment is also one of the most important
factors in determining treatment success6. We found similar adjusted
hazard ratios for missing one week of doses between the rifapentine-
moxifloxacin and control regimens, the rifapentine-moxifloxacin
regimen is more forgiving than the control, since one week of doses
is 5.9% of the 4-month regimen, but 3.8% of the 6-month regimen. In
multivariable analyses, rifapentine exposure remained strongly asso-
ciated with unfavorable outcomes after adjusting for adherence, sug-
gesting that the two are independent measures. As is typical in PK
studies, the three doses prior to PK sampling have extra measures in
place to ensure that they are administered and recorded properly, so
adherence does not readily affect steady state drug exposures.
Therefore, adherencemeasureswhen and for how long patients are on
drug while steady state drug exposures represent the level of drug
exposure achieved while on drug, both of which are extremely
important to treatment success.

In Study 31, there was no clinical evidence that high rifapentine
exposure or high moxifloxacin exposure were associated with an
increase in adverse events or intolerability19,20. In contrast, higher
pyrazinamide exposures in participants receiving the rifapentine-
moxifloxacin regimen (multivariable) were associated with an
increased incidence of grade 3–5 adverse events. Neutropenia, per-
ipheral neuropathy, and drug-induced hepatitis have been previously
reported as dose-dependent toxicities for rifapentine, moxifloxacin,
and pyrazinamide, respectively. Therefore, more detailed analyses by
specific adverse events are warranted to further characterize the drug-
specific toxicity relationships (or lack thereof) found here.,

Our findings have implications for the design of future tubercu-
losis treatment trials. Previous analyses have identified easier-to-treat
TB for which shorter treatments may be possible and harder-to-treat
TB where large differences in treatment response between experi-
mental and control regimens are observed6,21. Our analysis confirmed
these findings in the rifapentine regimen, but the previous stratifica-
tion based on smear grade and cavitation did not have the resolution
to identify harder-to-treat TB in the rifapentine-moxifloxacin regimen.
We updated the stratification algorithm with a modern measure of
baseline disease burden, Xpert MTB/RIF, which other studies have
confirmed is better able to discriminate between risk strata22. We have
additionally externally validated our novel risk phenotypes with data
from the recent RIFASHORT trial which tested shortened high-dose
rifampin regimens. The harder-to-treat phenotype had higher inci-
dence of TB-related unfavorable outcomes across all RIFASHORT
regimens except the 1800 mg rifampin regimen which was only
modestly higher (8.2% to 6.4%). The external validation demonstrates
the robustness of the novel harder-to-treat phenotype definition and
its potential to be applied in future trials and clinical practice. Fur-
thermore, despite careful dose-ranging trials informing the design of
the Study 31/A534923,24, many participants nevertheless experienced
suboptimal rifapentine exposures. Collection of pharmacokinetic
samples and prespecified comprehensive pharmacokinetic-
pharmacodynamic analyses in Phase 3 trials is immensely valuable
and can further provide critical information that guides clinical use of
new regimens.

Many prediction models have been previously published and
developed to predict TB treatment outcomes25,26. Our results are
consistent with what has been observed and reported before: older
age, higher weight or BMI, HIV co-infection, diabetes, male sex, and
more severe baseline disease burden are risk factors for TB relapse or
treatment failure. Nonetheless, our novel integrated analysis is the first
to include pharmacokinetic data andmore contemporarymeasures of
baseline disease burden, both of which proved highly informative and
were crucial to our understanding of treatment outcomes.

Our study has limitations. First, since the drugs were all tested as
combination regimens, we could not distinguish relative contributions
of each individual drug aside from comparing moxifloxacin versus
ethambutol across the experimental arms. Second, we acknowledge
the risks involved with subgroup analyses in trials with a noninferiority
design27, and whereas exploration of risk factors was prespecified in
the parent protocol, the definitions of the three disease phenotypes
presented here were not. We did, however, assess the Imperial et al.
prespecified disease phenotypes6 and validate them with the rifa-
pentine regimen. A clinical trial being undertaken by the ACTG
(SPECTRA-TB) incorporates these stratified medicine principles in the
evaluation of dose-optimized rifapentine andmoxifloxacin-containing
ultra-short regimens. The design of that trial will provide adequate
power for prespecified trial-level and stratum-level testing. Third,
Study 31/A5349 was an open label trial, therefore potential biases may
be present in qualitative adverse event reporting. Fourth, we chose a p-
value cutoff of 0.05; while it is a reasonable cutoff selection which
allowed us to identify important pharmacologically consistent risk
factors, it is not the most stringent considering the large sample sizes
and number of covariates and we did not use any formal statistical
methods of adjustment for multiple comparisons but rather let the
results speak for themselves (which were consistent with other pub-
lished studies). Fifth, to preclude the use of therapeutic drug mon-
itoring, PK was not included in the risk stratification algorithm despite
its strength as a predictive risk factor. Instead, we presented the
interplay between PK and risk strata for clinicians to understand the
differing impacts of PK in each of the risk strata. Finally, the Study 31/
A5349 eligibility criterion of positive smear or the equivalent, as
assessed by Xpert MTB/RIF, skewed the study population towards
more severe pulmonary tuberculosis. Therefore, our findings do not
directly address patients with sputum smear-negative pulmonary
tuberculosis, estimated to account for about 40–50% of pulmonary
tuberculosis cases 28,29.

In our integrated analysis of PK, demographic, and clinical factors,
we have demonstrated the importance of achieving a high rifapentine
exposure in the 4-month rifapentine and rifapentine-moxifloxacin
regimens which reduced the risk of tuberculosis-related unfavorable
outcomes, especially in individuals with more severe pulmonary
tuberculosis. Furthermore, patients can be stratified by baseline dis-
ease burden into easier-to-treat TB in which further treatment short-
ening and simplification are likely possible and harder-to-treat TB in
which longer treatment may be needed.

Methods
Trial design and participants
Study 31/A5349 (NCT02410772) was conducted by the Tuberculosis
Trials Consortium and the AIDS Clinical Trials Group, and was funded
by CDC and the National Institute of Allergy and Infectious Diseases1,2.
Participants were ≥12 years old and had newly diagnosed pulmonary
tuberculosis that was confirmed on culture to be susceptible to iso-
niazid, rifamycins, and fluoroquinolones1. The full trial protocol was
published in Contemporary Clinical Trials1 and was approved by the
institutional review board at the U.S. CDC. An institutional review
board or ethics committee at each participating trial site reviewed and
approved the protocol and informed consent documents, or a trial site
relied formally on the approval from the CDC. The RIFASHORT trial
protocol was approved by the London School of Hygiene and Tropical
Medicine Research Ethics Committee, as well as institutional and
national ethics and regulatory authorities representing all participat-
ing sites and countries. All the participants provided written informed
consent.

Pharmacokinetics
All randomized participants underwent steady state pharmacoki-
netic sampling between weeks 2–8 of treatment. Intensive sampling

Article https://doi.org/10.1038/s41467-024-53273-7

Nature Communications | (2024)15:9400 8

www.nature.com/naturecommunications


was performed on a minority of participants with samples taken at
0.5, 3, 5, 9, 12, and 24 hours after ingestion of the reference dose. The
remaining participantswere sampled sparsely with time points at 0.5,
5, and 24 hours. Plasma concentrations of all drugs were determined
using validated high-performance liquid chromatography mass
spectroscopy assays. Population pharmacokinetic models were
developed for each drug, and individual area under the
concentration-time curve from 0–24 hours (AUC0–24h) and maximal
plasma concentration (Cmax) were calculated (Chang V, Imperial MZ,
Zhang N, Phillips PPJ, Nahid, P, Dorman SE, Weiner M, Kurbatova EK,
Whitworth WC, Bryant KE, Carr W, Engle ML, Nhung NV, Nsubuga P,
Diacon A, Dooley KE, Chaisson RE, Swindells S, Savic RM, Rifapentine
Population Pharmacokinetics and Dosing Recommendations for the
Treatment of Tuberculosis from a Phase 3 Confirmatory Trial
[Manuscript submitted for publication]). AUC0–24h and Cmax were
imputed for participants with missing pharmacokinetic samples
using the population pharmacokinetic models 30.

Liquid Chromatography Mass Spectroscopy assays
5028 samples were analyzed at atlanbio for rifapentine and 2377 for
moxifloxacin. Sample integrity will be verified upon reception and
samples will be stored at approximately −80 °C. The LC-MS/MS ana-
lysis will be carried out with: (1) shimadzu liquid chromatography
system and autosampler, (2) an analytical chromatographic column,
and (3) a triple quadripole mass spectrometer system working in the
heated electron spray ionization positive mode. Software used inclu-
ded Analyst (for moxifloxacin) and LCQuan (for rifapentine and 25-
desacetyl rifapentine) for LC-MS/MS instrument control, data acqui-
sition and chromatogram peak integration. Watson® LIMS software
(Thermo Electron, Philadelphia, PA) was used for samplemanagement
and data management including regression, concentration calcula-
tions, statistics. For eachmethod and eachbatchof analysis, unless the
method is already running, the performance will be verified before the
start of the analysis of the study samples. The set-up run will include a
calibration curve and quality control at three levels: QC Low, QC
Medium and QC High (6 replicates per level).

Batch Acceptance criteria
• Deviation for calibration standards should be within ± 15% from
nominal concentrations, except for the LLOQ for which it should
be within ± 20%. In case a standard does not comply with these
criteria, it will be rejected, and the calibration curve without this
standard will be re-evaluated.

• At least 75% of calibration standards should meet the above cri-
teria, with at least six concentration levels.

• At least 2/3 of all QC should be within 15% of their nominal value,
with at least 50% of QC meeting acceptance criteria at each level.

• QC0 should be BLOQ (except if one-off contamination has been
evidenced).

Demographics and clinical factors
We considered the following baseline factors potentially associated
with treatment efficacy: age, sex, self-reported race, trial site, weight,
body-mass index (BMI), Karnofsky performance scale score, HIV sta-
tus, diabetes history, and smoking history. Baseline sputum measure-
ments included acid-fast bacillus smear grade, time-to-positivity in
liquid culture (Mycobacteria Growth Indicator Tube, Becton Dick-
inson), and Xpert MTB/RIF cycle threshold (Xpert MTB/RIF, Cepheid).
Sex was self-reported, if participants did not want to answer
“unknown” was recorded. Chest radiography measurements con-
sidered included cavitary disease, aggregate cavity size, and extent of
disease defined aspercent involvement of the thoracic area. Finally, we
considered adherence measured as total number of doses taken as an
on-treatment factor potentially associated with efficacy. Participants

with missing baseline covariates were excluded from multivariable
analyses.

Efficacy outcomes
The efficacy outcome in the present analysis was time to tuberculosis-
related unfavorable outcome within one year post-treatment
initiation1,2. Tuberculosis-related unfavorable outcomes were defined
as: (1) two consecutive positive sputumcultures onor afterweek 17, (2)
not seen at month 12 with last culture positive, or (3) clinical diagnosis
of tuberculosis recurrence and treatment restarted. Tuberculosis-
unrelated unfavorable outcomes and not assessable outcomes (e.g.,
participants not seen at month 12 with a negative last culture or
withdrawn due to pregnancy) were right-censored at the time of visit
that led to that status; favorable outcomes were right-censored at the
time of last follow-up visit.

Safety outcomes
The primary safety outcome was the occurrence of any grade 3–5
adverse event31. We also considered the following predefined safety
outcomes: treatment-related grade 3–5 adverse events, serious
adverse events, death, and premature discontinuation of the assigned
treatment for any reason other than microbiological ineligibility.

Statistical analysis
We generated Kaplan-Meier estimates, stratified by AUC0–24h dichot-
omized at the population median, and performed pharmacokinetic-
pharmacodynamic Cox proportional hazards analysis for each of the
six drugs and each arm separately.

The analysis populationconsistedof themicrobiologically eligible
population2.We evaluated the proportional hazards assumption for all
demographics, baseline clinical factors, and continuous pharmacoki-
netic parameters, then tested each in univariate andmultivariable Cox
analyses for each regimen separately to identify risk factors for
tuberculosis-related unfavorable outcomes. We selected risk factors
for the final multivariable model with a stepwise procedure, testing
linear relationships in a forward inclusion and backwards exclusion
procedure (likelihood ratio test P < 0.05). The selected risk factors
were used to construct a risk stratification algorithm that stratified
disease phenotypes into easier-to-treat TB,moderately-harder-to-treat
TB, or harder-to-treat TB. For each risk stratum, we performed sub-
group analyses calculating the risk difference and 95% Wald con-
fidence interval comparing each experimental arm to the control; we
compared the upper border of the confidence interval to a 6.6%
margin, the threshold for noninferiority used in the primary
analysis2,32,33. We also tested prespecified TB-ReFLECT disease pheno-
type definitions from Imperial et al6. For external validation of the risk
stratification findings, we applied an adjusted risk stratification algo-
rithm to the RIFASHORT (NCT02581527) patient population 11.

We used logistic regression to evaluate the association between
AUC0–24h and Cmax of all drugs and safety outcomes. We considered
demographics, baseline clinical factors, and pharmacokinetic para-
meters as potential predictors of any grade 3–5 adverse events in
univariate and multivariable logistic regression. The selection of cov-
ariates followed the same stepwise procedure described above.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The CDC is currently preparing de-identified TBTC Study 31/A5349
patientdata tobemadeavailable via a recognizeddata sharingplatform.
De-identified TB-ReFLECT data was received fromTB-PACTS and access
can be requested here (https://c-path.org/tools-platforms/tb-pacts/).
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Code availability
R scripts for main figures is made available in the supplementary.
NONMEM control streams are available upon request. No custom
packages were used for this analysis.
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