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ABSTRACT The Indian Revised National Tuberculosis (TB) Control Programme uses
thrice-weekly treatment with standard drug dosages. The role of plasma drug levels
and other factors in determining TB treatment outcomes is not well understood. We
aimed to determine the factors influencing the concentrations of rifampin (RMP),
isoniazid (INH), and pyrazinamide (PZA) at 2 h postdosing in adult TB patients and
to study the factors impacting TB treatment outcome. We recruited 1,912 adult TB
patients (newly treated and retreated patients) with pulmonary/extrapulmonary TB
receiving antitubercular treatment (ATT) in the RNTCP in Chennai, India. At steady
state, the concentrations of RMP, INH, and PZA were determined at 2 h postdosing
after supervised drug administration. A total of 1,648 patients had a favorable out-
come, while 264 (14%) had an unfavorable outcome. A total of 91%, 16%, and 17%
of the patients had suboptimal concentrations of RMP (�8 �g/ml), INH (�3 �g/ml),
and PZA (�20 �g/ml), respectively. Factors associated with treatment outcome were
low RMP concentrations (adjusted odds ratio [aOR], 0.94; 95% confidence interval
[CI], 0.89 to 0.99; P � 0.036), category II ATT (aOR, 2.39; 95% CI, 1.56 to 3.65; P �

0.001), low body weight (aOR, 0.96; 95% CI, 0.94 to 0.98; P � 0.001), alcohol use
(aOR, 2.17; 95% CI, 1.42 to 3.31; P � 0.001), male gender (aOR, 1.92; 95% CI, 1.02 to
3.62; P � 0.043), and baseline INH resistance (aOR, 5.74; 95% CI, 3.12 to 10.59; P �

0.001), which significantly increased the likelihood of an unfavorable outcome in
multivariate logistic regression analysis. Further studies are needed to optimize
anti-TB drug dosages and improve cure rates. Drug susceptibility testing at the base-
line and attention to undernutrition and alcohol dependence are other important in-
terventions.
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pyrazinamide

Tuberculosis (TB) is curable when adequate antitubercular treatment (ATT) is prop-
erly administered. Favorable treatment outcomes are achieved in about 85% of

sputum smear-positive patients receiving standard short-course chemotherapy with
isoniazid (INH), rifampin (RMP), pyrazinamide (PZA), and ethambutol (EMB) (1). Admin-
istration of medications through directly observed therapy (DOT) ensures patient
adherence and is currently recommended in the Revised National TB Control Pro-
gramme (RNTCP) in India. Despite these established standards, there is a paucity of
information on the possible mechanisms to explain treatment failures, relapses, and
acquired drug resistance in programmatic settings (2). While failure rates are generally
low, several reports have documented recurrence rates of 12 to 15%, while multidrug
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resistance rates among previously treated patients vary from 12 to 17%, indicating that
treatment results in the incomplete sterilization of lesions with the potential for the
acquisition of drug resistance. Currently used dosages of anti-TB drugs are not based
on careful pharmacokinetic studies, and a hot topic in TB research is the optimization
of treatment with available drugs.

Low serum concentrations of anti-TB drugs have been associated with treatment
failure, relapse, and acquired drug resistance (3–9). Recent modeling studies based on
the ratio of plasma exposure to the MIC suggest that higher levels of RMP are
associated with faster bacteriologic clearance and that this relationship is almost linear
(10). Not many studies and none from India have examined the relationship between
drug concentrations and TB treatment outcome prospectively. We undertook a study to
determine the factors that influence the concentrations of RMP, INH, and PZA at 2 h
postdosing in adult TB patients treated with thrice-weekly regimens in the RNTCP in
Chennai, south India. We also explored the role of various factors, including plasma
drug levels, on TB treatment outcomes.

RESULTS

A total of 1,928 patients were recruited; 16 patients were excluded from analysis
(because the patients migrated for 9 patients, ATT was stopped due to toxicity for 1
patient, and multidrug resistance for 6 patients). Hence, 1,912 patients were included
in the analysis (Fig. 1). The baseline details for the patients are given in Table 1. The
median (interquartile range [IQR]) body weight was significantly lower in TB patients
without diabetes mellitus (DM) (P � 0.001). The median blood glucose concentrations
were 264 mg/dl (IQR, 176 to 365 mg/dl) and 91 mg/dl (IQR, 82 to 103 mg/dl) in TB
patients with and without DM, respectively; the difference was statistically significant
(P � 0.001). Table 1 shows the drug doses (in milligrams per kilogram) received by the
different groups of patients. Significantly lower drug doses were received by patients
with TB and DM, those with subtherapeutic drug concentrations, and patients with
extrapulmonary TB (P � 0.001 for all drugs in all groups).

Factors influencing drug concentrations. Factors that were included in the
univariate and multivariate analyses were gender, age, smoking, alcohol use, smear
status, DM, baseline INH susceptibility, body weight, type of TB, and category of ATT
(Table 2). In the univariate analysis, it was observed that females had significantly
higher PZA concentrations than males (P � 0.001). Significantly higher RMP (P �

0.032), INH (P � 0.001), and PZA (P � 0.038) concentrations were observed in
patients above 60 years than those �60 years of age. Plasma INH and PZA
concentrations were significantly lower in TB patients with DM than those without

FIG 1 Recruitment details.
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TABLE 1 Patient detailsa

Characteristic Value(s)

Median (IQR) age (yr) 38 (27–50)
No. (%) of male patients 1,291 (68)
Median (IQR) BMI (kg/m2) 18.7 (16.4–21.6)

Median (IQR) body wt (kg) 48 (42–55)
Nondiabetes patients 46 (40–54)b

Diabetes patients 53 (47–60)b

No. (%) of patients who were:
Smokers 612 (32)
Alcohol users 742 (39)
Smear positive 887 (46)
HIV seropositive 19 (1.0)

No. (%) of patients who had:
Diabetes mellitus 452 (24)
Extrapulmonary TB 671 (35)
Baseline INH resistance 53 (8)c

Category I ATT 1,659 (87)

Median (IQR) concn in clinical investigations
Hemoglobin (g/dl) 12.0 (10.9–13.3)
Glucose (mg/dl) 96 (84–127)
Creatine (mg/dl) 0.7 (0.6–0.9)
Urea (mg/dl) 16 (13–20)
AST (U/liter) 19.0 (16.0–25.0)
ALT (U/liter) 13 (10–19)

Median (IQR) dose (mg/kg of body wt)
RMP 9.6 (8.7–10.7)

Nondiabetes patients 10.0 (8.8–11.3)b

Diabetes patients 9.0 (8.3–10.0)b

PTB patients 10.0 (9.0–11.3)b

EPTB patients 9.0 (8.3–10.0)b

Patients with RMP concn of �8 �g/ml 9.6 (8.7–10.7)b

Patients with RMP concn of �8 �g/ml 10.0 (9.0–11.3)b

INH 12.5 (10.9–14.3)
Nondiabetes patients 13.0 (11.1–15.0)b

Diabetes patients 11.3 (10.0–12.8)b

PTB patients 13.3 (11.3–15.0)b

EPTB patients 11.3 (9.7–13.3)b

Patients with INH concn of �3 �g/ml 12.0 (10.3–14.3)b

Patients with INH concn of �3 �g/ml 12.5 (10.9–14.3)b

PZA 31.3 (27.3–35.7)
Nondiabetes patients 32.6 (27.8–37.5)b

Diabetes patients 28.3 (25.0–31.9)b

PTB patients 33.3 (28.3–37.5)b

EPTB patients 28.3 (24.2–33.3)b

Patients with PZA concn of �20 �g/ml 30.0 (26.3–35.7)b

Patients with PZA concn of �20 �g/ml 31.3 (27.3–35.7)b

Median (IQR) drug concn (�g/ml) at 2 h postdosing
RMP 2.3 (0.6–5.0)
INH 7.5 (4.5–11.0)
PZA 33.5 (24.0–41.7)

No. (%) of patients with subtherapeutic level
RMP (�8 �g/ml) 1,740 (91)
INH (�3 �g/ml) 309 (16)
PZA (�20 �g/ml) 333 (17)

No. (%) of patients with the following treatment outcome:
Favorable 1,648 (86)

Cured 687 (36)
Treatment completed 961 (50)

(Continued on following page)
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DM, those with body weights of �48 kg than those with body weights of �48 kg,
and those with extrapulmonary TB than those with pulmonary TB. In multiple linear
regression analysis by the stepwise method, after adjusting for all factors, it was
observed that males had lower concentrations of RMP (0.44 �g/ml) and PZA (3.16
�g/ml) than females. An increase in age by a year was accompanied by a marginal
increase in RMP (0.02 �g/ml), INH (0.05 �g/ml), and PZA (0.12 �g/ml) levels. The
coexistence of DM and TB reduced INH concentrations by 1.0 �g/ml and PZA
concentrations by 2.7 �g/ml. There was a linear direct relationship between drug
dose per unit of body weight and drug concentrations (Table 3).

TB treatment outcome. Of the 1,912 patients for whom outcomes were available,
1,648 (86%) of all patients, 1,011 (81%) of the pulmonary TB patients, and 700 (79%) of
the smear-positive patients had favorable outcomes. The corresponding numbers with
unfavorable outcomes were 264 (14%), 230 (19%), and 187 (21%) (Table 1).

The influence of such factors as gender, age, smoking, alcohol use, smear status,
DM, baseline INH susceptibility, body weight, type of TB, category of ATT, and
plasma concentrations of RMP, INH, and PZA at 2 h postdosing on treatment
outcome was tested. Among these variables, RMP concentrations (adjusted odds
ratio [aOR], 0.94; 95% confidence interval [CI], 0.89 to 0.99; P � 0.036), category II
ATT (aOR, 2.39; 95% CI, 1.56 to 3.65; P � 0.001), body weight (aOR, 0.96; 95% CI, 0.94
to 0.98; P � 0.001), alcohol use (aOR, 2.17; 95% CI, 1.42 to 3.31; P � 0.001), male
gender (aOR, 1.92; 95% CI, 1.02 to 3.62; P � 0.043), and baseline INH resistance (aOR,
5.74; 95% CI, 3.12 to 10.59; P � 0.001) significantly influenced treatment outcomes
(Table 4). An increase in the plasma RMP level by 1 �g/ml and an increase in body
weight by 1 kg decreased the chances of an unfavorable outcome by 6% and 4%,
respectively.

After defaulted patients were excluded from the unfavorable outcome group and
when only failures and deaths were considered to be unfavorable outcomes, RMP
concentrations (aOR, 0.86; 95% CI, 0.75 to 0.98; P � 0.029), category II ATT (aOR, 2.91;
95% CI, 1.33 to 6.35; P � 0.007), body weight (aOR, 0.95; 95% CI, 0.91 to 0.99; P � 0.014),
and baseline INH resistance (aOR, 13.16; 95% CI, 5.68 to 30.49; P � 0.001) significantly
influenced treatment outcomes. A higher proportion of previously treated patients
(category II) than newly treated patients had unfavorable outcomes (27% versus 12%;
P � 0.001).

Two-month smear status. Of the 887 patients who were initially smear positive,
smear results at 2 months posttreatment were available in the RNTCP records for 795
patients. Among them, 722 were smear negative. The median drug concentrations
between those who converted to smear negativity and those who did not were not
significantly different.

NAT2 gene polymorphism and INH acetylator status. INH acetylator status, based
on the NAT2 gene polymorphism, was available for 632 patients. The allele frequencies
for the six genotypes are shown in Fig. 2. The numbers of slow, intermediate, and rapid
acetylators were 361, 228, and 43, respectively. The median INH concentrations in these
groups were 9.5 �g/ml (IQR, 5.0 to 12.6 �g/ml), 7.5 �g/ml (IQR, 4.3 to 10.8 �g/ml), and
4.3 �g/ml (IQR, 2.2 to 7.3 �g/ml), respectively; the differences were statistically signif-

TABLE 1 (Continued)

Characteristic Value(s)

Unfavorable 264 (14)
Death 31 (2)
Treatment failure 20 (1)
Default 213 (11)

aData are for 1,912 patients unless indicated otherwise. BMI, body mass index; ATT, antitubercular treatment;
AST, aspartate transaminase; ALT, alanine transaminase; PTB, pulmonary tuberculosis; EPTB, extrapulmonary
tuberculosis; RMP, rifampin; INH, isoniazid; PZA, pyrazinamide.

bP � 0.05 between the subgroups.
cData were available only for culture-positive cases (n � 651 patients).
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icant (P � 0.001). There were no significant differences in the distribution of NAT2
genotypes among patients infected with INH-resistant and -sensitive Mycobacterium
tuberculosis strains or among those with favorable and unfavorable outcomes. How-
ever, there was a significant difference in the proportion of patients with suboptimal
INH concentrations among the patients with the three genotypes, with the highest
being among rapid acetylators (29.5%), followed by intermediate acetylators (16.7%)
and slow acetylators (13.3%) (P � 0.025). The trend in the proportion of patients with
subtherapeutic INH concentrations among the patients with the three genotypes was
statistically significant (P � 0.011).

TABLE 2 Drug concentrations at 2 h postdosing in different groups of patientsa

Characteristic
No. (%) of
patients

Median (IQR) concn (�g/ml)

RMP INH PZA

Sex
Male 1,291 (68) 2.3 (0.7–4.8) 7.4 (4.5–11.0) 32.3 (23.7–40.5)
Female 621 (32) 2.3 (0.6–5.4) 7.7 (4.4–11.4) 35.1 (24.9–45.4)

P value 0.470 0.235 �0.001

Age (yr)
18–59 1,754 (92) 2.3 (0.6–4.9) 7.4 (4.4–10.9) 33.3 (23.9–41.4)
�60 158 (8) 2.8 (1.0–6.0) 9.0 (5.5–12.0) 36.9 (24.5–44.9)

P value 0.033 �0.001 0.038

Smoker
Yes 612 (32) 2.3 (0.7–4.8) 7.8 (5.0–11.0) 33.3 (25.3–40.8)
No 1,300 (68) 2.3 (0.6–5.0) 7.4 (4.3–11.0) 33.5 (23.5–42.0)

P value 0.844 0.072 0.733

Alcohol user
Yes 742 (39) 2.3 (0.7–4.7) 7.7 (4.9–11.1) 33.5 (25.0–41.5)
No 1,170 (61) 2.3 (0.6–5.1) 7.4 (4.2–11.0) 33.5 (23.5–42.0)

P value 0.590 0.232 0.953

Smear statusb

Positive 887 (71) 2.3 (0.6–4.9) 7.9 (4.7–11.3) 34.5 (24.1–42.3)
Negative 354 (29) 2.4 (0.8–5.3) 7.7 (4.9–11.4) 33.4 (24.9–43.0)

P value 0.340 0.938 0.913

Diabetes
Yes 452 (24) 2.3 (0.7–4.9) 6.6 (3.9–9.8) 31.0 (22.3–38.0)
No 1,460 (76) 2.3 (0.6–5.0) 7.8 (4.7–11.3) 34.1 (24.6–42.7)

P value 0.858 �0.001 �0.001

Baseline INH susceptibilityc

Sensitive 598 (92) 2.2 (0.6–4.8) 8.0 (4.6–11.3) 34.5 (24.1–42.8)
Resistant 53 (8) 2.6 (0.5–5.8) 9.0 (5.7–11.4) 37.9 (29.1–44.0)

P value 0.376 0.442 0.127

Body wt (kg)
�48 961 (50) 2.3 (0.7–5.2) 8.4 (5.0–12.0) 37.6 (25.3–46.0)
�48 951 (50) 2.3 (0.6–4.8) 6.8 (4.0–9.7) 30.6 (23.0–37.1)

P value 0.1681 �0.001 �0.001

Disease
PTB 1,241 (65) 2.3 (0.6–5.0) 7.9 (4.7–11.3) 34.1 (24.4–42.6)
EPTB 671 (35) 2.3 (0.6–5.0) 7.0 (4.0–10.2) 32.2 (23.5–39.8)

P value 0.981 0.001 0.003

Category of ATT
I 1,659 (87) 2.3 (0.7–5.0) 7.4 (4.6–11.0) 33.4 (24.3–41.6)
II 253 (13) 2.2 (0.6–4.9) 7.8 (4.0–11.4) 33.7 (20.5–42.3)

P value 0.960 0.780 0.487
aData are for 1,912 patients unless indicated otherwise.
bData are only for pulmonary TB patients (n � 1,241).
cData are only for culture-positive cases (n � 651).
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DISCUSSION

According to the WHO Global TB Report, in 2015, 2.2 million cases of the estimated
global annual incidence of 9.6 million TB cases occurred in India (11). India continues
to use thrice-weekly anti-TB regimens, with a recent policy change to the daily
regimens being made. Even though large numbers of patients are treated through the
RNTCP, not much is known about the factors influencing key anti-TB drug concentra-
tions or the risk factors associated with poor treatment outcomes. The present study
identified factors that impact key first-line anti-TB drug concentrations and, impor-
tantly, examined the relationship between drug concentrations and TB treatment
outcome in adult TB patients treated through the RNTCP. Since this study was under-
taken in programmatic settings, we chose to estimate the drug concentrations at 2 h
postdosing, which is predictive of the pharmacokinetic parameters obtained from
intensive sampling (12). We have shown that the RMP, INH, and PZA concentrations at
2 h postdosing correlate with the peak concentrations and are often used as a
surrogate for peak concentrations, though this sample does not account for slow drug
absorption (13).

Several factors were associated with lower drug levels in the univariate analysis.
However, in the multivariate analysis, only a few factors were significant. For example,
age and diabetes significantly influenced INH and PZA concentrations. Patients above
60 years of age had significantly higher drug concentrations than those below 60 years
of age. Physiological changes during the aging process can have a significant impact on
drug pharmacokinetics, such as the volume of distribution, the protein binding capac-
ity, and hepatic and renal clearance. Elderly patients exhibit frequent side effects,
probably due to higher drug concentrations (14). Older patients tend to accumulate
drugs for longer periods of time, and some might require dosage adjustments. Studies
of the pharmacokinetics of RMP and rifapentine in the elderly population, however, do
not suggest the need for any dose modifications (15, 16).

We have reported for the first time that INH and PZA concentrations are lower in TB
patients with diabetes than those without diabetes. Babalik et al. reported that the
plasma INH concentration at 2 h postdosing was lower in patients with TB and DM than
those with TB (17). These decreases are most likely due to higher body weights of TB
patients with DM and, hence, the lower drug doses (in milligrams per kilogram of body
weight) received by TB patients with DM than those without DM. Similarly, patients
with extrapulmonary TB received lower drug doses (in milligrams per kilogram) than

TABLE 3 Factors influencing drug concentrationsa

Type of analysis and factor

RMP INH PZA

� 95% CI P value � 95% CI P value � 95% CI P value

Univariate analysis
Gender �0.334 �0.664 to �0.005 0.047 �0.311 �0.746 to 0.123 0.160 �2.779 �4.115 to �1.442 �0.001
Age 0.015 0.004 to 0.027 0.007 0.036 0.022 to 0.051 �0.001 0.052 0.006 to 0.098 0.026
Smoker �0.083 �0.414 to 0.248 0.621 0.294 �0.142 to 0.730 0.186 �0.298 �1.646 to 1.050 0.664
Alcohol user �0.175 �0.492 to 0.142 0.279 0.175 �0.242 to 0.593 0.411 �0.071 �1.362 to 1.219 0.914
Smear status �0.150 �0.514 to 0.214 0.420 0.141 �0.349 to 0.630 0.573 �0.426 �1.925 to 1.074 0.578
Diabetes mellitus �0.092 �0.456 to 0.271 0.619 �0.960 �1.437 to �0.483 �0.001 �3.255 �4.727 to �1.783 �0.001
Body wt �0.016 �0.029 to �0.002 0.025 �0.074 �0.102 to �0.067 �0.001 �0.281 �0.335 to �0.227 �0.001
Baseline INH susceptibilityb NA NA NA 0.699 �0.584 to 1.982 0.285 NA NA NA
Type of TB 0.002 �0.322 to 0.325 0.992 0.789 0.364 to 1.215 �0.001 1.668 0.353 to 2.984 0.013
Category of ATT 0.080 �0.375 to 0.536 0.730 0.024 �0.577 to 0.625 0.938 �1.150 �3.004 to 0.705 0.224
Drug dose 0.175 0.078 to 0.271 �0.001 0.398 0.322 to 0.473 �0.001 0.520 0.428 to 0.613 �0.001

Multivariate analysis
Gender �0.442 �0.782 to �0.102 0.011 NA NA NA �3.161 �4.499 to �1.823 �0.001
Age 0.020 0.009 to 0.032 �0.001 0.051 0.036 to 0.066 �0.001 0.122 0.073 to 0.170 �0.001
Diabetes mellitus NA NA NA �1.006 �1.511 to �0.501 �0.001 �2.676 �4.233 to �1.119 0.001
Body wt NS NS NS NS NS NS NS NS NS
Type of TB NA NA NA NS NS NS NS NS NS
Drug dose 0.171 0.075 to 0.268 �0.001 0.375 0.298 to 0.451 �0.001 0.482 0.387 to 0.576 �0.001

aNS, not significant; NA, not applicable; �, regression coefficient, which indicates the change per 1 unit.
bThis factor was tested against INH concentrations only.
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those with pulmonary TB, leading to lower drug concentrations. Females had higher
INH and PZA levels than males, with these findings being consistent with those of other
studies (5, 8), though the mechanism of sex-related differences in drug pharmacoki-
netics is poorly understood.

We undertook substudies in the same population to examine the influence of
polymorphisms in the NAT2 and SLCO genes on plasma INH and RMP concentrations,
respectively. While the NAT2 genotypes significantly impacted INH levels, the SLCO
genotypes (rs11045819, rs4149032, and rs4149033) did not influence RMP concentra-
tions (18, 19). In this study, we undertook NAT2 genotyping in only about a third of the
patients. Although no significant associations between the NAT2 genotypes and INH
susceptibility or treatment outcome were observed, among the rapid acetylators, the
proportion of patients with suboptimal INH concentrations was higher.

Several groups from across the world that have studied anti-TB drug pharmacoki-

TABLE 4 Factors associated with treatment outcome

Factor

Outcomea:

ORb (95% CI)
P value
for OR aOR (95% CI)

P value
for aORFavorable Unfavorable

Sex
Male 1,056 (64.1) 235 (89) 4.54 (3.05–6.76) �0.001 1.92 (1.02–3.62) 0.043
Female 592 (35.9) 29 (11) Reference Reference

Age (yr)
18–59 1,519 (92.2) 235 (89) Reference 0.085 NSc NS
�60 129 (7.8) 29 (11) 1.45 (0.95–2.22) NS NS

Smoker
No 1,172 (71.1) 128 (48.5) Reference �0.001 NS NS
Yes 476 (28.9) 136 (51.5) 2.62 (2.01–3.41) NS NS

Alcohol user
No 1,077 (65.4) 93 (35.2) Reference �0.001 Reference �0.001
Yes 571 (34.6) 171 (64.8) 3.47 (2.64–4.55) 2.17 (1.42–3.31)

Smear statusd

Negative 515 (42.4) 59 (24) Reference �0.001 NS NS
Positive 700 (57.6) 187 (76) 2.33 (1.7–3.19) NS NS

Diabetes
No 1,251 (75.9) 209 (79.2) Reference 0.248 NS NS
Yes 397 (24.1) 55 (20.8) 0.83 (0.6–1.14) NS NS

Baseline INH susceptibilitye

Sensitive 687 (96.5) 147 (84) Reference �0.001 Reference �0.001
Resistant 25 (3.5) 28 (16) 5.23 (2.97–9.24) 5.74 (3.12–10.59)

Body wt (kg) 49 (42–56) 45 (40–50) 0.96 (0.95–0.97) �0.001 0.96 (0.94–0.98) �0.001

Disease
EPTB 637 (38.7) 34 (12.9) Reference �0.001 NS NS
PTB 1,011 (61.3) 230 (87.1) 4.26 (2.93–6.19) NS NS

Category
I 1,464 (88.8) 195 (73.9) Reference �0.001 Reference �0.001
II 184 (11.2) 69 (26.1) 2.82 (2.06–3.86) 2.39 (1.56–3.65)

Concn (�g/ml) at 2 h postdosing
RMP 2.3 (0.7–5) 2.1 (0.5–4.4) 0.97 (0.93–1.01) 0.140 0.94 (0.89–0.99) 0.036
INH 7.4 (4.5–10.9) 8.4 (4.7–11.8) 1.02 (0.99–1.05) 0.116 NS NS
PZA 33.3 (24–41.5) 35.8 (23.7–42.5) 0.99 (0.98–1.01) 0.726 NS NS

aData represent the number (percent) of patients for all factors except body weight and the concentration at 2 h postdosing, for which the data represent the
median (IQR).

bOR, odds ratio.
cNS, not significant.
dData are only for pulmonary TB patients (n � 1,241).
eData are only for culture-positive cases (n � 651).
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netics have reported suboptimal drug concentrations, particularly suboptimal RMP and
INH concentrations (20–28). However, not many studies have related drug concentra-
tions with outcomes. Although our finding that the majority of patients in this study
had RMP concentrations of less than 8 �g/ml at 2 h postdosing is concerning, not all
patients had an unfavorable outcome. We explored possible reasons for low RMP
levels. Random samples of RMP tablets from the same batch consumed by patients
were checked for the amount of the active ingredient, and we found that the drug
contents in the tablets were within 5% of the stated content. The drugs were
administered under DOT on the study day. Genetic polymorphism (at least for the
SLCO1 gene) did not have a role. We were aware that most patients took their
anti-TB medications after the consumption of food. Although we have shown that
food significantly reduces the plasma concentrations of RMP, INH, and PZA (29), the
reason why RMP levels alone were severely affected is unclear. It would be
interesting to identify genetic or other factors that are unique to the Indian
population, though the most obvious reason is that the patients are underdosed,
with 10 mg/kg thrice-weekly being an insufficient dose.

The relationship between plasma drug concentrations and TB treatment outcome
remains a complex one, with various studies being divided in their findings. Apart from
drug concentrations, treatment outcome is driven by multiple factors, such as the
bacillary load, type of strain, virulence, MIC in relation to drug concentrations, drug
concentrations at the site of lesion, duration of infection, extent of disease, and the
immune status and nutritional status of the subject. Mota et al. performed a systematic
review and meta-analysis relating the concentrations of first-line anti-TB drugs at 2 h
postdosing and clinical outcomes (26). They observed that of the 12 studies taken up
for analysis, only 3 studies demonstrated an association between drug levels and
unsuccessful treatment outcomes, thus failing to draw a firm association between
serum drug concentrations and treatment outcome (26). This review failed to draw a
firm association between serum drug concentrations and treatment outcome. A study
from Indonesia showed that though low RMP, INH, and PZA concentrations occurred in
many patients even with the DOT strategy, most patients had a good treatment
outcome (30). Narita and colleagues did not find an association between TB recurrence
and the serum levels of anti-TB drugs (31). In another study, it was observed that low
RMP and INH peak concentrations preceded acquired drug resistance and that low
drug exposures were predictive of clinical outcomes in TB patients (32). Low peak
concentrations of RMP were found to influence the treatment outcome and/or the

FIG 2 Distribution of allele frequencies for the six genotypes of the NAT2 gene.
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acquisition of RMP resistance (5, 9). A retrospective cohort study from Virginia reported
that most patients who responded slowly to treatment had RMP and INH concentra-
tions below the expected range at 2 h postdosing (33). It has been reported that a
longer time to culture conversion and treatment failures were more frequent in those
having drug concentrations below the expected range (20, 27). We explored whether
baseline drug levels could predict a slow response, but we did not observe any
difference in drug levels between patients who were sputum smear positive and those
who were sputum smear negative at 2 months. A lack of an association between the
RMP peak concentration and slow culture conversion has been reported previously
(34).

Numerous reports on the factors influencing TB treatment outcomes are available,
but not many of these studies have included drug concentrations in their analysis. Our
study, done with a large, adequately powered, and representative patient population,
has shown that low RMP levels had a significant impact on treatment outcome, with the
other factors being male gender, low body weight, baseline INH resistance, alcohol use,
and previous treatment for TB. The same factors emerged to be significant when
defaults were excluded from the unfavorable outcome group and also in the subgroups
of patients analyzed separately (patients with pulmonary TB, smear-positive patients,
patients treated with category I ATT). Our study is the first and only one from India that
observed low RMP concentrations to be a risk factor for a poor outcome.

Even though several studies reported drug concentrations below the expected
range in a high proportion of patients, it is often observed that not all patients have
unsuccessful outcomes. A recent report by Maze et al. from New Zealand observed that
even though patients had drug concentrations below the international therapeutic
ranges, they were successfully treated (35). This raises a pertinent question: is there a
need to define cutoff drug concentrations in various settings that would be a predictive
marker of an unfavorable outcome?

This study had some limitations. Since the study was performed under program-
matic settings, we could not control the timing of food intake, but we made a note of
the time at which the patients took their breakfast and the drugs. We observed that
most patients took drugs 15 to 30 min after breakfast. We also observed that drug
concentrations did not significantly differ when the drugs were taken 30 or 60 min after
the consumption of food (unpublished findings). In a substudy, we did observe that
food significantly reduced RMP, INH, and PZA concentrations (29). Further, while ATT
was taken under DOT according to programmatic guidelines, drug administration was
supervised on the study day. Although the concentrations at 2 h postdosing have
consistently been used by other researchers, this alone may not be informative, in view
of the high degree of variability of RMP absorption observed; the use of the trough
concentrations of drugs would have been ideal. Also, we did not follow the patients
after the end of ATT for recurrences, which could have underestimated the number of
unfavorable outcomes.

In summary, this study, undertaken in adult TB patients treated in the RNTCP in
Chennai in south India under programmatic settings, has shown that age, gender, drug
doses, and DM are important factors that impact RMP, INH, and PZA concentrations. We
identified male gender, low RMP, low body weight, baseline INH resistance, alcohol use,
and previous treatment to be risk factors for an unfavorable outcome. It is important to
ensure that patients take their treatment regularly to prevent being retreated. It is
important to identify patients with low RMP concentrations early during ATT so that the
dose can be appropriately increased. Although it would be difficult to have RMP levels
routinely estimated in the RNTCP, this facility can be established in select places. Drug
susceptibility testing at the baseline and attention to undernutrition and alcohol
dependence are other important interventions that can be used to improve TB treat-
ment outcomes. There is a need to undertake this study with long term follow-up in
different parts of India, in order to generalize the findings.
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MATERIALS AND METHODS
Patients. A prospective study was undertaken in adult patients with pulmonary/extrapulmonary TB

receiving ATT in RNTCP treatment centers of the Chennai Corporation from October 2013 to September
2015. Patients were recruited from eight TB units across the city of Chennai. Diagnosis and treatment
were according to RNTCP guidelines (36). Patients were treated with either the category I treatment
(RMP, INH, PZA, and EMB for 2 months, followed by RMP and INH for 4 months) or the category II
treatment (streptomycin, INH, RMP, PZA, and EMB for 2 months, followed by INH, RMP, PZA, and EMB for
1 month and INH, RMP, and EMB for the remaining 5 months) (36). The entire treatment was thrice
weekly, with the drug doses being 450 mg for RMP (600 mg for those with body weights of �60 kg), 600
mg for INH, 1,200 mg for EMB, 1,500 mg for PZA, and 0.75 g for streptomycin. Rifampin, INH, PZA, and
EMB were administered as separate tablets, and streptomycin was administered as an injection. Patients
meeting the following study criteria were recruited: (i) they were age 18 years or above, (ii) they had a
body weight of �30 kg, (iii) they had received ATT for a minimum of 2 weeks, (iv) they were not very sick
or moribund, (v) they were willing to participate and give informed written consent, and (vi) they agreed
to visit the same DOT center until study completion. A structured questionnaire was used to collect
patient details. Those with a known history of type 2 diabetes mellitus (DM) with or without a random
blood glucose level of �200 mg/dl on the study day were considered diabetic. The study was approved
by the ethics committee of the National Institute for Research in Tuberculosis, Chennai, India.

Study procedures. The study was conducted at the TB units of the Chennai Corporation, after
patients had received a minimum of seven doses of ATT. On the study day, the anti-TB drugs were
administered under direct supervision, and about 3 ml blood was collected at 2 h postdosing. Clinical
biochemistry tests (random glucose and liver and renal function tests), routine hematological tests, and
HIV testing were carried out, in addition to estimation of RMP, INH, and PZA concentrations. Five hundred
microliters of blood was used for DNA extraction and NAT2 genotyping.

Drug measurements. The blood was immediately centrifuged, and the plasma was separated and
stored at �20°C until analysis. Measurement of plasma concentrations of RMP, INH, and PZA was
undertaken within a week of sample collection by high-performance liquid chromatography (Shimadzu
Corporation, Kyoto, Japan) using validated methods as previously described (37, 38).

NAT2 genotyping. Genomic DNA was used to analyze six single nucleotide polymorphisms
(rs1041983, rs1801280, rs1799929, rs1799930, rs1208, and rs1799931) in the NAT2 gene by real-time PCR
and with sequence detection software (SDS; version 1.3.1). The slow, intermediate, and rapid NAT2
acetylator genotypes were determined using the NAT2PRED web server (39).

Sputum samples. Sputum samples were collected at the baseline (before the start of ATT) from
pulmonary TB patients (wherever possible) to perform culture and drug susceptibility testing using
standard methods (40). Sputum smear examination and other diagnostic tests were performed, and the
results were interpreted by the treating physicians at the TB units.

Follow-up and TB treatment outcome. All patients continued to receive ATT according to RNTCP
guidelines. Standard default retrieval procedures were adopted. TB treatment outcomes (cured/treat-
ment completed, failure, death, or default) at the end of ATT were noted from the TB register/treatment
card. Cured and treatment completed were taken as favorable outcomes, and default, death, and failure
were taken as unfavorable outcomes.

Statistical analysis and sample size calculation. Data analysis was performed using SPSS software
(version 20.0). The data were verified, and normality was checked by the Shapiro-Wilks test. Summary
statistics are presented as proportions for categorical variables and as medians with interquartile ranges
for continuous variables. The Mann-Whitney U test was used to compare drug concentrations between
patient groups. Comparison of proportions was performed using the z proportion test. The subthera-
peutic cutoff concentrations were taken as �8 �g/ml for RMP, �3 �g/ml for INH, and �20 �g/ml for PZA
(12).

Univariate linear regression analysis followed by multiple linear regression analysis using the step-
wise method was performed to determine the factors associated with drug concentrations.

Binary logistic regression was carried out to identify the factors that were independently associated
with treatment outcome (with and without defaults in the unfavorable outcome group). Adjusted odds
ratios (aOR) and their 95% confidence intervals were obtained using the stepwise method.

Sample size was calculated on the basis of a previous study (41), which reported the proportions of
defaults, failures, and deaths to be 29% (194/676). With a precision of 10%, a power of 90%, an � value
of 5%, a design effect of 2, and a 1% loss during follow-up being accounted for, the required sample size
was 1,928.
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