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Background. Rifampin-resistant and/or multidrug-resistant tuberculosis (RR/MDR-TB) treatment requires multiple drugs, 
and outcomes remain suboptimal. Some drugs are associated with improved outcome. It is unknown whether particular 
pharmacokinetic-pharmacodynamic relationships predict outcome.

Methods. Adults with pulmonary RR/MDR-TB in Tanzania, Bangladesh, and the Russian Federation receiving local regimens 
were enrolled from June 2016 to July 2018. Serum was collected after 2, 4, and 8 weeks for each drug’s area under the concentration- 
time curve over 24 hours (AUC0–24). Quantitative susceptibility of the M. tuberculosis isolate was measured by minimum inhibitory 
concentrations (MICs). Individual drug AUC0–24/MIC targets were assessed by adjusted odds ratios (ORs) for favorable treatment 
outcome, and hazard ratios (HRs) for time to sputum culture conversion. K-means clustering algorithm separated the cohort of the 
most common multidrug regimen into 4 clusters by AUC0–24/MIC exposures.

Results. Among 290 patients, 62 (21%) experienced treatment failure, including 30 deaths. Moxifloxacin AUC0–24/MIC target 
of 58 was associated with favorable treatment outcome (OR, 3.75; 95% confidence interval, 1.21–11.56; P = .022); levofloxacin 
AUC0–24/MIC of 118.3, clofazimine AUC0–24/MIC of 50.5, and pyrazinamide AUC0–24 of 379 mg × h/L were associated with 
faster culture conversion (HR >1.0, P < .05). Other individual drug exposures were not predictive. Clustering by AUC0–24/MIC 
revealed that those with the lowest multidrug exposures had the slowest culture conversion.

Conclusions. Amidst multidrug regimens for RR/MDR-TB, serum pharmacokinetics and M. tuberculosis MICs were variable, 
yet defined parameters to certain drugs—fluoroquinolones, pyrazinamide, clofazimine—were predictive and should be optimized 
to improve clinical outcome.
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Globally, 9.9 million people were estimated to have tuberculosis 
(TB) disease in 2020, and approximately 500 000 had rifampin- 
resistant or multidrug-resistant (RR/MDR) TB [1]. RR/ 

MDR-TB significantly reduces the likelihood of TB treatment 
success. For decades, antibiotic combinations for RR/ 
MDR-TB used drugs of uncertain efficacy with long treatment 
durations [2]. Subsequently, an individual patient data meta- 
analysis of RR/MDR-TB treatment outcomes found certain 
medications of benefit, others of unclear benefit, and still others 
that may worsen outcomes [3]. This analysis prompted the 
World Health Organization (WHO) to reprioritize specific 
RR/MDR-TB drugs, and numerous trials are now underway 
to shorten the treatment duration or improve treatment effica-
cy with combinations of reprioritized drugs [4]. Nevertheless, 
the mechanisms have not been fully elucidated to explain 
why certain drugs proved of benefit in meta-analysis while oth-
er drugs, despite in vitro activity, did not.

Pharmacokinetic-pharmacodynamic (PK-PD) relationships 
are important drivers of Mycobacterium tuberculosis killing 
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and prevention of acquired resistance in vitro [5]. Most anti-TB 
drugs exert concentration-dependent activity as measured by 
area under the concentration-time curve (AUC), often calculat-
ed from serum concentrations, relative to the infecting M. tu-
berculosis minimum inhibitory concentration (MIC) to that 
particular drug. While these relationships have been more con-
vincingly demonstrated in humans for drugs used to treat 
rifampin-susceptible TB whereby higher AUC/MIC exposures 
improve drug efficacy [6], we and others have found complex 
relationships for individual drugs commonly used in RR/ 
MDR-TB regimens. Certain drugs such as the fluoroquinolones 
(levofloxacin and moxifloxacin) exert more consistent 
exposure-dependent activity [7], yet for others such as ethion-
amide, activity is demonstrated only up to a threshold MIC [8]. 
Furthermore, drugs such as kanamycin or cycloserine may 
exert activity only at the highest exposures that risk serious 
toxicities [9]. Thus, understanding PK-PD relationships 
within multidrug combination regimens for RR/MDR-TB 
may better inform drug regimen composition and determine 
if certain drugs can be considered if dose and serum 
exposure are optimized or if other drugs warrant wholesale 
abandonment.

We present findings from a multicountry prospective cohort 
of adults with RR/MDR pulmonary TB to determine individual 
drug and combinatorial PK-PD relationships that predict treat-
ment outcomes.

METHODS

Study Design

Patients were enrolled in a prospective cohort at initiation of 
RR/MDR-TB treatment from the following regional RR/ 
MDR-TB referral sites: Dhaka, Bangladesh (National Institute 
of Diseases of the Chest and Hospital); Kilimanjaro region, 
Tanzania (Kibong’oto Infectious Diseases Hospital); and 
Irkutsk, Russian Federation (Irkutsk Regional Tuberculosis 
Referral Hospital). Eligible patients were aged ≥18 years with 
pulmonary TB and a respiratory specimen positive by Xpert 
Mycobacterium tuberculosis/rifampin with rpoB mutation 
(Cepheid, Sunnyvale, CA) or cultured for M. tuberculosis com-
plex with phenotypic resistance to rifampin. Patients were ex-
cluded if pregnant, unable to undergo sample collection, or 
treated for RR/MDR-TB within 6 months of enrollment. The 
enrollment goal was 125 patients at each site for single site anal-
yses based on a prior PK-PD study that defined individual drug 
AUC targets for predicting outcome in rifampin-susceptible 
TB [10] and an estimated proportion with treatment failure 
in RR/MDR-TB of 25%. The enrollment period covered 
June 2016 to July 2018. All patients provided written informed 
consent to a protocol following STROBE (Strengthening the 
Reporting of Observational Studies in Epidemiology) criteria 
approved by all affiliated institutional review boards.

Procedures

RR/MDR-TB treatment regimens were initiated with WHO 
guidance for weight-based dosing by clinicians’ discretion at 
the enrollment sites. Chest radiographs performed prior to 
treatment initiation were categorized as cavitary or noncavitary. 
Baseline laboratory data from hospital records were hemoglobin 
(g/dL), creatinine (mg/dL), human immunodeficiency virus 
(HIV) antibody testing, and CD4 count (cells/mm3), while the 
study performed point-of-care glycosylated hemoglobin testing 
(HgbA1c %).

Sputa were collected at baseline and 4, 8, and 24 weeks after 
treatment initiation for culture on Lowenstein–Jensen slants or 
Middlebrook 7H11 media and with liquid culture in the Bactec 
MGIT 960 system (Becton, Dickinson, Franklin Lakes, NJ). 
Positive cultures were confirmed for M. tuberculosis complex us-
ing Gen-Probe (San Diego, CA). Other sputum mycobacterial cul-
tures for routine care were documented by date of collection and 
whether positive or negative for M. tuberculosis. All positive cul-
tures from baseline specimens and those at 8 or 24 weeks had 
MIC testing with a custom 96-well MYCOTB plate (Trek 
Diagnostic Systems, Independence, OH). Drugs on the custom 
plate were those most commonly prescribed at the time of study. 
MIC testing was performed as previously described post hoc and 
not available for alteration of patient regimen [11]. In analyses de-
fining susceptibility or resistance, we used the MIC breakpoint 
closest to the WHO-endorsed critical concentration in liquid me-
dia [12]. Pyrazinamide was not available on the plate; therefore, 
binary susceptibility/resistance was determined genotypically for 
pncA mutation using Sanger sequencing.

Serum drug concentrations were measured at 2, 4, and 8 weeks 
after treatment initiation. Blood was collected at 1, 2, 6, and 
12 hours after directly observed medication administration. 
Serum was stored at –80°C until shipment to the University of 
Florida Infectious Diseases Pharmacokinetics Laboratory. 
Concentrations were measured using validated liquid chroma-
tography–tandem mass spectrometry assays. Estimated total ex-
posures, that is, AUC over 24 hours (AUC0–24), were determined 
by noncompartmental analysis using Phoenix WinNonlin ver-
sion 8.0 (Certara USA, Princeton, NJ), using later hour concen-
trations in the elimination phase.

Outcomes Definitions

Clinical follow-up was performed at 2, 4, 8, 24, and 48 weeks 
after treatment initiation. Time to sputum culture conversion 
was from treatment initiation to the first negative sputum cul-
ture that was not followed by a positive culture. Death was de-
fined as mortality from any cause up to 48 weeks. Favorable 
treatment outcome was defined as not having death, culture 
positivity at week 24 or beyond, acquired drug resistance (pre-
specified as a 4-fold or greater increase in MIC of any drug in 
the patient’s regimen), or a lack of improvement of the major 
TB-related symptom at week 24 or beyond (clinical failure).
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Statistical Analyses

For initial analyses that did not include PK-PD determinants, 
patients who had received a given drug and had M. tuberculosis 
isolates with MIC values known to be susceptible to that drug 
were compared to patients who had either received the drug 
and were found to be resistant or who did not receive the drug. 
Multivariable logistic regression models using Firth’s penalized 
likelihood method defined the odds of favorable treatment out-
come, and Weibull regression models were used to estimate the 
hazard ratios for time to sputum culture conversion. Given that 
some drugs were prescribed to low numbers of patients, regres-
sion models were adjusted for site of enrollment only.

To first assess the impact of PK exposure, we sought the in-
dividual drug AUC0–24/MIC that yielded at least N = 20 pa-
tients with values above and below the target that generated 
the maximum odds ratios (ORs) and 95% confidence intervals 
(CIs) for treatment failure and hazard ratios (HRs) and 95% CIs 
for time to sputum culture conversion. Mean AUC0–24 across 
dosing intervals was used with the robustness of the PK sam-
pling strategy determined by D-optimality design. AUC0–24 

values that could not be calculated from measured concentra-
tions from that dosing interval (2, 4, or 8 weeks) were imputed 
by random multiple imputation. Missing values for MIC were 
imputed using site-specific regression of median MIC values. 
These models were adjusted for site of enrollment, age, sex, di-
abetes, HIV, known cavitary disease, and body mass index.

Among patients with the most commonly prescribed medica-
tion regimens across sites, a K-means clustering algorithm with 4 
clusters was applied to the AUC0–24/MIC values at 2 weeks, the 
time point of earliest drug exposure measurement, whereby pa-
tients in each cluster had a similar pattern of values for each drug 
[13]. The difference in time to sputum conversion among clus-
ters was estimated using the interval censored Weibull model, 
and a likelihood ratio test was used to assess differences.

RESULTS

A total of 340 patients were enrolled; 50 patients (15%) were un-
able to complete the first sampling procedures due to early death 
or loss to follow-up (n = 26 from Bangladesh, n = 17 from 
Tanzania, and n = 7 from the Russian Federation). The enroll-
ment target was not met for the Russian Federation following 
temporary closure of the enrollment hospital. Thus, analyses in-
cluded all sites, with adjustment for site at a minimum, for 290 
patients. The median age was 35 years (interquartile range, 29– 
46), and 208 (72%) were male. There were expected differences 
in clinical characteristics among the sites (Table 1).

RR/MDR-TB Drug Regimen Composition

Supplementary Figure 1 displays the individual drug frequencies. 
There were 53 distinct multidrug regimens (11 from Tanzania, 14 
from Bangladesh, and 28 from the Russian Federation). There 

were site-specific preferred regimens such as 116 (93.5%) of pa-
tients from Tanzania received 1 of 4 regimens that included 4–5 
drugs and 124 (100%) received a regimen that contained pyrazi-
namide and a fluoroquinolone (levofloxacin or moxifloxacin). 
In Bangladesh, 101 (87.1%) received 1 of 3 regimens, 115 
(99.1%) received a regimen containing a fluoroquinolone (levo-
floxacin or moxifloxacin), and 114 (98.2%) received pyrazina-
mide. Regimens were more varied in the Russian Federation.

Individual Drug Exposure Variability Over the 2- to 8-Week Treatment 
Interval

Figure 1 displays the individual drug mean AUC0–24 at 2, 4, and 
8 weeks following treatment initiation, revealing drug-specific 
variability and further variability among sites. Complete 
site-to-site variability of AUC0–24/MIC relative to milligram 
per kilogram dosing is presented in Supplementary Table 1.

Treatment Outcomes and Impact of Individual Drugs in the Multidrug 
Regimen

Of the 290 participants, 228 (79%) had a favorable treatment 
outcome. Of 62 (21%) failures, 30 died. There was no significant 
difference in the time to death among sites (Supplementary 
Figure 2). Of the remaining participants categorized as treatment 
failures, 13 (4.4%) were culture-positive at week 24 or beyond, 
14 (4.8%) had acquired resistance, and 10 (3.4%) had clinical 
failure. Interval-censored time to culture conversion was 
significantly faster for patients from the Russian Federation 
compared with those from Tanzania (P = .018) and 
Bangladesh (P = .038; Supplementary Figure 3).

To quantify the impact of individual drugs without PK-PD 
influence, the odds of favorable treatment were compared in 
those who had received the drug and were known susceptible 
with those who had received the drug and were found to be re-
sistant or did not receive the drug. Sequencing for pncA muta-
tions was performed in 122 patients’ isolates, with 88 (72%) 
determined susceptible to pyrazinamide; the proportion sus-
ceptible did not significantly vary across sites (P = .164). In ad-
justed regression models, patients who received pyrazinamide 
were significantly more likely to have favorable treatment 
(Supplementary Figure 4A). Pyrazinamide, moxifloxacin, and 
clofazimine were associated with a shorter time to sputum cul-
ture conversion (Supplementary Figure 4B).

PK-PD Relationship to Treatment Failure and Time to Sputum Culture 
Conversion for Individual Drugs

Next, we determined whether individual drug exposures and 
AUC0–24/MIC refined or strengthened these associations with 
better treatment response. A moxifloxacin AUC0–24/MIC target 
of 58 was associated with favorable treatment outcome (OR, 
3.75; 95% CI, 1.21–11.56; P = .022; Table 2). The AUC0–24/MIC 
for other drugs did not demonstrate significant associations. 
Table 3 shows the same analysis for time to culture conversion 
and indicates that AUC0–24/MIC targets for levofloxacin, and 
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clofazimine, and AUC0–24 for pyrazinamide, were significantly 
associated with faster time to culture conversion.

PK-PD Relationship and Time to Sputum Culture Conversion for 
Combinatorial Patterns

Since multiple drugs are used to treat TB, we examined the 
most commonly prescribed drug combination across sites, a 

5-drug regimen prescribed in N = 95 patients. Patterns of pyr-
azinamide AUC0–24 and levofloxacin AUC0–24/MIC most 
clearly separated clusters (Figure 2A). Figure 2B demonstrates 
the differences in time to culture conversion when separated by 
AUC0–24/MIC pattern cluster, such that the cluster with the 
slowest time to culture conversion (HR = 0.59 ± standard error 
0.29, nominal P = .065) had the lowest levofloxacin and 

Table 1. Demographic and Clinical Characteristics by Site of Enrollment

Characteristic
Total 

N = 290
Tanzania 
N = 124

Bangladesh 
N = 116

Russian Federation 
N = 50 P Value

Age, median (IQR), years 35.5 (29–46) 42 (32–50) 32 (25–42) 35 (30–39) <.001

Sex, n (%)

Female 82 (28) 43 (35) 23 (20) 16 (32) .031

Male 208 (72) 81 (65) 93(80) 34 (68)

Duration of symptoms, median (IQR), days 90 (52–180) 91 (58–165) 90 (45–180) 126 (60–249) .051

Prior history of TB, n (%)

No 75(26) 32 (26) 19 (16) 24 (49) <.001

Yes 211 (73) 89 (72) 97 (84) 25 (50)

Unknown 4 (1) 3 (2) 0 1 (1)

HIV infection, n (%)

Negative 214 (74) 72(58) 116(100) 26 (52) <.0010

Positive 72 (25) 48 (39) 0 (0) 24 (48)

Unknown 4(1) 4 (3) 0 0

CD4 count in HIV positive, median 227 224 … 237 .444

On antiretroviral therapy, n (%)

Yes 44 (62) 41 (85) … 3 (13) < .001

No 28 (38) 7 (15) … 21 (87)

Diabetes mellitus, n (%)

No 251 (87) 119 (96) 83 (72) 49 (98) <.001

Yes 39 (13) 5 (4) 33 (28) 1 (2)

Glycosylated hemoglobin in diabetes mellitus, median 9.2 9.1 9.5 6.6

Smoking, n (%)

No 140 (48) 80 (65) 52 (45) 8 (16) <.001

Yes 145 (50) 39 (31) 64 (55) 42 (84)

Unknown 5 (2) 5 (4) 0 0

Alcohol use, n (%)

No 205(71) 84 (68) 105 (91) 16 (32) <.001

Yes 80 (27) 36 (29) 11 (9) 33 (66)

Unknown 5 (2) 4 (3) 0 1 (2)

Recreational injection drug use, n (%)

No 262 (90) 116 (94) 107 (92) 39 (78) .002

Yes 26 (9) 6 (5) 9 (8) 11 (22)

Unknown 2 (1) 2 (1) 0 0

Body mass index (kg/m2), median (IQR) 19.0 (16.9–21·2) 17.8 (16.3·20.2) 19.0 (17.3–21.1) 20.6 (18.3–21.8) <.001

Mean upper arm circumference (cm), median (IQR) 23.0 (20.5–25.1) 22.0 (19.5–25.0) 23.1 (21.0–25.0) 24.5 (22.0–27.0) <.001

Hemoglobin (g/dL), median (IQR) 11.5 (10.1–12.7) 10.5 (9.1–11.8) 12.0 (11.3–12.8) 12.4 (9.9–14.0) <.001

Creatinine (mg/dL), median (IQR) 0.90 (0.80–1.00) 0.90 (0.79–1.01) 0.88 (0.70–1.00) 0.90 (0.90–1.00) .019

Cavitary disease, baseline chest X ray, n (%)

No 82 (28) 61 (49) 13 (11) 8 (16) <.001

Yes 118 (41) 49 (40) 31 (27) 38 (76)

Unknown 90 (31) 14 (11) 72 (62) 4 (8)

Extrapulmonary involvement of TB, n (%)

No 278 (96) 121 (98) 116 (100) 41 (82) <.001

Yes 12 (4) 3 (2) 0 (0) 9 (18)

Abbreviations: HIV, human immunodeficiency virus; IQR, interquartile range; TB, tuberculosis.
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pyrazinamide exposures. Proportions that reached PK-PD tar-
gets identified in Table 3 for drugs within each cluster are de-
scribed in Supplementary Table 2.

DISCUSSION

In this multicountry, prospective cohort of adults with pul-
monary RR/MDR-TB, individual drug and combinatorial 
PK-PD relationships significantly influenced clinical 

outcomes. It was already evident from prior meta-analyses 
that bedaquiline, moxifloxacin or levofloxacin, linezolid, 
and clofazimine were associated with better treatment 
outcomes [3]. Drugs such as pyrazinamide, ethambutol, 
ethionamide or prothionamide, para-aminosalicylic acid, de-
laminid, imipenem-cilastin, and amikacin have been recom-
mended only when a prioritized medication is unavailable or 
if the M. tuberculosis isolate is resistant; kanamycin and capreo-
mycin were no longer recommend due to association with poor 

Figure 1. Change in total serum exposure. Change expressed as population mean and standard errors for the AUC0–24 (mg × h/L) measured at 2, 4, and 8 weeks after 
treatment initiation as visualized for each drug at each site: Tanzania (square), Bangladesh (triangle), Russian Federation (x), and all sites averaged (circle). Total patients for 
each drug at 2-, 4-, and 8-week time points: pyrazinamide (266, 171, 127), kanamycin (193, 141, 88), cycloserine (163, 91, 79), levofloxacin (164, 101, 68), prothionamide (118, 
69, 45), ethionamide (132, 105, 86), clofazimine (56, 13, 13), ethambutol (98, 28, 22), isoniazid (96, 64, 41), capreomycin (33, 25, 21), para-amino salicylic acid (20, 14, 8), and 
bedaquiline (6, 4, 3). Delamanid and linezolid are not displayed given infrequency of use. Abbreviation: AUC0–24, area under the concentration-time curve during a 24-hour 
dosing interval.
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outcome [4]. Our PK-PD findings support this prioritization but 
with notable refinements.

First, we found pyrazinamide to be important. Inclusion of 
pyrazinamide in a regimen when the M. tuberculosis isolate 
was susceptible was significantly associated with favorable 
treatment outcome and a faster time to culture conversion. 

Among all patients who received pyrazinamide, an AUC0–24 

target (379 mg × h/L) was found to be significantly associated 
with faster time to culture conversion. Furthermore, in adjust-
ed cluster analyses of the most commonly prescribed drug reg-
imens, a pattern of below-target pyrazinamide AUC0–24 (along 
with low levofloxacin AUC0–24/MIC) identified patients with 
the slowest time to culture conversion. The AUC0–24 target 
identified in this study was similar to that in serum for predict-
ing outcomes in rifampin-susceptible TB patients (363 mg × h/ 
L) [10] and in a hollow fiber model that translated to exposure 
within lung tissue [14]. Pyrazinamide has enhanced the in vitro 
and animal model activity of new TB drugs and remains one of 
the few anti-TB agents with sterilizing activity against M. tuber-
culosis in different phases of growth [15]. Yet, most PK-PD 
studies in humans with pyrazinamide have been performed 
in rifampin-susceptible TB where modeling studies have found 
that only very high doses and exposures could further shorten 
treatment duration [16]. Our findings rekindle the importance 
of pyrazinamide as an effective drug in treating RR/MDR-TB, 
particularly when susceptibility can be determined and when 
a minimal target AUC0–24 is achieved.

We found benefits to fluoroquinolones as well. Use of moxi-
floxacin (vs not using moxifloxacin) was associated with short-
er time to conversion. However, when the analysis was 
restricted to just those participants who received the drug (N 
= 112), a specific AUC0–24/MIC target that was significantly as-
sociated with a faster time to culture conversion could not be 
found (Table 3). These findings may reflect the different back-
ground regimens as moxifloxacin was commonly prescribed in 
the 7-drug regimen studied in the Standard Treatment 
Regimen of Anti-Tuberculosis Drugs for Patients with MDR- 
TB trial (STREAM trial) and included clofazimine [17]. 
Clofazimine, a drug whose inclusion was significantly associat-
ed with improved sputum culture conversion (Supplementary 
Figure 3B) and for which a target AUC0–24/MIC could be de-
rived that improved time to culture conversion (Table 3), 
may have masked individual moxifloxacin impact. 
Levofloxacin, which was less commonly prescribed with clofa-
zimine, did yield an AUC0–24/MIC target associated with a fast-
er time to sputum culture conversion (Table 3) and provided 
important discrimination in cluster analyses. The levofloxacin 
AUC0–24/MIC target identified was also similar to the AUC0– 

24/MIC of 146 predictive of maximal M. tuberculosis kill in 
the hollow fiber model [7].

We did not find PK-PD targets predictive of outcomes for 
other drugs. Statistical associations were expectedly limited 
by the infrequent use of some drugs used in different countries, 
or for certain drugs, the more narrow ranges of observed PK ex-
posures [9]. Nevertheless, not only were no PK-PD targets 
found for ethionamide and cycloserine, inclusion of these drugs 
in the regimen even when susceptible was significantly associ-
ated with slower culture conversion. We did not find PK-PD 

Table 2. Association of Favorable Treatment Outcome With Maximum 
Individual Drug Area Under the Concentration-Time Curve During a 
24-Hour Dosing Interval/Minimum Inhibitory Concentration Cut Points 
Yielding at Least N = 20 Above and Below the Cut Point

Drug (Number of 
People Prescribed)

Number 
Below Cut 
Point (%)

Cut Point 
AUC0–24/ 

MIC
Odds Ratio (95% 

Confidence Interval) P Value

Pyrazinamide (283) 46 (16) 443a 1.92 (.89–4.13) .098

Kanamycin (199) 64 (32) 63 .92 (.43–1.98) .834

Cycloserine (184) 148 (80) 83 2.14 (.75–6.06) .153

Levofloxacin (178) 25 (14) 129 1.49 (.53–4.16) .448

Prothionamide 
(141)

60 (43) 1.78 1.42 (.58–3.47) .436

Ethionamide (140) 28 (20) 1.76 1.66 (.62–4.47) .315

Moxifloxacin (112) 21 (19) 58 3.75 (1.21–11.56) .022

Clofazimine (105) 50 (48) 62 2.01 (.74–5.43) .168

Ethambutol (105) 48 (46) 2.58 0.76 (.28–2.07) .594

Isoniazid (98) 37 (38) 11.1 1.22 (.41–3.54) .719

Abbreviation: AUC0–24/MIC, area under the concentration time curve over the 24 hours/ 
minimum inhibitory concentration.  
aPyrazinamide MIC was not measured, cut point is AUC0–24 mg × h/L only. Other drugs 
(capreomycin, para-aminosalicylic acid, linezolid, bedaquiline, delaminid) were not prescribed 
in enough patients to generate cut points with at least 20 patients with AUC0–24/MIC values 
above and below a maximum cut point. Adjusted for site of enrollment, age, sex, diabetes, 
human immunodeficiency virus, cavitary disease, and body mass index.

Table 3. Impact on Time to Sputum Culture Conversion of Maximum 
Individual Drug Area Under the Concentration-Time Curve During a 
24-Hour Dosing Interval/Minimum Inhibitory Concentration Cut Points 
Yielding at Least N = 20 Above and Below the Cut Point

Drug (Number of 
People Prescribed)

Number 
Below Cut 
Point (%)

Cut Point 
AUC0–24/ 

MIC
Hazard Ratio (95% 

Confidence Interval) P Value

Pyrazinamide (283) 20 379a 1.83 (1.02–3.27) .042

Kanamycin (199) 20 30.1 1.53 (.89–2.62) .121

Cycloserine (184) 115 57.5 1.19 (.82–1.74) .362

Levofloxacin (178) 23 118.3 2.0 (1.15–3.48) .015

Prothionamide 
(141)

37 0.86 1.27 (.77–2.07) .347

Ethionamide (140) 26 1.52 1.36 (.83–2.24) .224

Moxifloxacin (112) 20 54.1 1.35 (.74–2.49) .323

Clofazimine (105) 46 50.5 1.60 (1.01–2.55) .046

Ethambutol (105) 22 1.63 1.65 (.95–2.86) .073

Isoniazid (98) 59 18.7 0.95 (.58–1.53) .825

Abbreviation: AUC0–24/MIC, area under the concentration time curve over the 24 hours/ 
minimum inhibitory concentration.  
aPyrazinamide MIC was not measured, cut point is AUC0–24 mg × h/L only. Other drugs 
(capreomycin, para-aminosalicylic acid, linezolid, bedaquiline, delaminid) were not prescribed 
in enough patients to generate cut points with at least 20 patients with AUC0–24/MIC values 
above and below a maximum cut point. Adjusted for site of enrollment, age, sex, diabetes, 
human immunodeficiency virus, cavitary disease, and body mass index.
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justification for inclusion of kanamycin in the RR/MDR-TB 
regimen, but we did find serum exposures that may have placed 
patients at high risk of ototoxicity [18].

Along with site-specific trends in MIC distribution for cer-
tain drugs (Supplementary Table 1), we noted regional and 
temporal variation in AUC0–24 (Figure 1). Prior to this study, 
most anti-TB drug serum exposure was assumed to be stable 

after the first few weeks of therapy following induction of genes 
related to absorption and metabolism [19]. Globally, TB med-
icines are dosed using weight bands and not personalized to an 
individual’s serum exposure or a PK-PD parameter such as 
AUC0–24/MIC. Our findings conceptually support an expanded 
effort toward PK-PD interventions to facilitate individual 
exposure-based dosing or highly regionalized dosing informed 

Figure 2. A, Pharmacokinetic-pharmacodynamic pattern for the most common multidrug regimen. Clusters identified by AUC0–24/MIC pattern at 2 weeks after treatment 
initiation for the regimen of pyrazinamide, levofloxacin, kanamycin, cycloserine, and ethionamide, N = 95. Pyrazinamide values represent AUC0–24 only (pyrazinamide MIC not 
performed). B, Time to sputum culture conversion to negative for patients receiving the most common regimen as clustered by pharmacokinetic-pharmacodynamic pattern. 
Hazard ratio = 0.59 ± standard error 0.29, nominal P = .065, for difference between cluster 4 and other clusters. Abbreviations: AUC, area under the concentration-time curve 
during a 24-hour dosing interval; MIC, minimum inhibitory concentration.
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by local PK-PD studies [20]. For RR/MDR-TB, drugs of prior-
ity should include fluoroquinolones and pyrazinamide where 
in vitro and clinically identified targets now appear to align. 
Alternative sample matrices such as saliva [21] and urine [22] 
that use spectrophotometric methods may bring such person-
alized dosing closer to the point of care.

Limitations of this study include fewer patients treated 
with the currently prioritized drugs of bedaquiline and line-
zolid. Furthermore, for analyses that included pyrazinamide 
susceptibility, we used Sanger sequencing of the pncA gene 
and classified as resistant if a mutation was previously associ-
ated with phenotypic resistance or was likely to be associated 
with resistance but excluded mutations with insufficient evi-
dence, documented neutrality, or likely neutrality [23]. 
Pyrazinamide resistance in rifampin-resistant TB has been 
documented higher proportions in other cohorts, yet likely 
represents an overestimation when using any pncA mutation. 
While the current study enrolled a majority of men, which 
is not atypical for TB studies, serum exposures for drugs 
such as pyrazinamide may differ by sex [22]. Additionally, 
the overall rate of favorable treatment outcomes in this study 
may be higher than experienced in other RR/MDR-B settings 
but is similar to contemporary trials with similar regimens 
[17]. We included the patient-centered outcome of clinical 
failure in the composite of favorable treatment outcome 
[24].While an uncommon cause of unfavorable treatment 
outcome alone, this may have modestly underestimated 
conventional treatment success, but did not factor into the 
analyses of time to sputum culture conversion. Last, early 
death or loss to follow-up prior to the first PK procedures 
may have been overrepresented among patients with more 
severely altered PK-PD, although baseline characteristics 
did not significantly differ among those with completed 
procedures.

In summary, this multicountry, real-world cohort of PK-PD 
and RR/MDR-TB treatment outcomes found that not only the 
use of certain anti-TB drugs but also the PK-PD targets of those 
drugs could be defined that were predictive of clinically impor-
tant outcomes. Therefore, RR/MDR-TB treatment centers that 
use pyrazinamide, fluoroquinolones, and clofazimine should 
consider implementation studies of individual exposure-based 
dosing. Last, new RR/MDR-TB regimens that contain bedaqui-
line and pretomanid appear highly efficacious [25], yet as those 
drugs are used for RR/MDR-TB removed from the settings of 
the original clinical trials, our findings would predict that sim-
ilar PK-PD principles will drive outcomes over time and result 
in another hierarchy of importance of certain drugs over 
others.
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