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Background. The occurrence of acquired rifamycin resistance despite use of directly observed therapy for
tuberculosis is associated with advanced human immunodeficiency virus (HIV) disease and highly intermittent
administration of antituberculosis drugs. Beyond these associations, the pathogenesis of acquired rifamycin resistance is unknown.
Methods. We performed a pharmacokinetic substudy of patients in a trial of treatment with twice-weekly
rifabutin and isoniazid.
Results. A total of 102 (60%) of 169 patients in the treatment trial participated in the pharmacokinetic
substudy, including 7 of 8 patients in whom tuberculosis treatment failure or relapse occurred in association with
acquired rifamycin-resistant mycobacteria (hereafter, “ARR failure or relapse”). The median rifabutin area under
the concentration-time curve (AUC0–24) was lower for patients with than for patients without ARR failure or
relapse (3.3 vs. 5.2 mg*h/mL; P p .06 , by the Mann-Whitney exact test). In a multivariate analysis adjusted for
CD4+ T cell count, the mean rifabutin AUC0–24 was significantly lower for patients with ARR failure or relapse
than for other patients (3.0 mg*h/mL [95% confidence interval {CI}, 1.9–4.5] vs. 5.2 mg*h/mL [95% CI, 4.6–5.8];
P p .02, by analysis of covariance). The median isoniazid AUC0–12 was not significantly associated with ARR failure
or relapse (20.6 vs. 28.0 mg*h/mL; P p .24 , by the Mann-Whitney exact test). However, in a multivariate logistic
regression model that adjusted for the rifabutin AUC0–24, a lower isoniazid AUC0–12 was associated with ARR failure
or relapse (OR, 10.5; 95% CI, 1.1–100; P p .04).
Conclusions. Lower plasma concentrations of rifabutin and, perhaps, isoniazid were associated with ARR
failure or relapse in patients with tuberculosis and HIV infection treated with twice-weekly therapy.
Directly observed therapy prevents selective use of
drugs and thereby generally prevents the acquisition of
drug resistance during treatment of tuberculosis [1].
However, it has become evident that patients with HIVrelated tuberculosis can acquire resistance to the rifamycin family of antibiotics (rifampin, rifabutin, and
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rifapentine) despite use of directly observed therapy [2–
4]. This association was confirmed in the Tuberculosis
Trials Consortium (TBTC)/US Public Health Service
Study 22, in which 4 (13.3%) of 30 HIV-seropositive
patients treated with once-weekly isoniazid and rifapentine developed failure of tuberculosis treatment or
relapse of tuberculosis in association with acquired rifamycin-resistant mycobacteria (hereafter, “ARR failure
or relapse”), whereas no cases of acquired rifamycin
resistance were identified among 502 HIV-seronegative
patients who were treated with the same regimen [5,
6]. Among patients with HIV-related tuberculosis, consistent risk factors for acquired rifamycin resistance
were reported to be low CD4+ T cell counts (or CD4+
cell counts) and highly-intermittent (i.e., once- or
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twice-weekly) administration of tuberculosis therapy [4–8].
Apart from these associations, the pathogenesis of acquired
rifamycin resistance remains speculative.
TBTC Study 23 involved HIV-infected patients with tuberculosis who were treated under direct supervision with a largely
intermittent (i.e., twice-weekly) regimen containing rifabutin
[7]. Although the overall rate of failure or relapse in the study
(9 [5.3%] of 169 cases) was similar to that in previous studies,
enrollment in the trial was stopped because 8 of the 9 patients
with failure or relapse had acquired rifamycin resistance. To
better understand the pathogenesis of acquired rifamycin resistance, we evaluated the pharmacokinetic parameters of isoniazid and rifabutin in patients enrolled in the TBTC Study
23.
METHODS
Experimental design. Patients were enrolled nonrandomly
into the pharmacokinetic substudy. Of the 169 patients in treatment Study 23, 19 patients at 12 TBTC clinical sites were not
enrolled because they had nearly completed or completed the
course of study treatment before the start the pharmacokinetic
substudy, 4 patients at 3 clinical sites were not enrolled because
of participation in alternative TBTC pharmacokinetic studies,
and 29 (88%) of 33 patients from 6 clinical sites were not
enrolled because the TBTC clinical sites were unable to participate for logistical reasons. Of the remaining 113 patients at
14 TBTC clinical sites, 98 (87%) took part in the pharmacokinetic study. Patients were enrolled into the substudy in 2
phases (figure 1). In the prospective phase, 98 (58%) of the
169 HIV-infected patients with tuberculosis were enrolled during the 2-drug phase of treatment (generally, during months
3–6 after therapy initiation). The rifabutin dose was 300 mg,
with adjustment for antiretroviral therapy when used with protease inhibitors or efavirenz [9]; the isoniazid dose was 15 mg/
kg, with a maximum dose of 900 mg. Of these 98 patients, 1
experienced failure (i.e., had positive results of a sputum culture
during the interval between month 4 and the end of treatment),
and 2 experienced relapse after the course of study treatment
was completed. Retrospective samples were obtained for pharmacokinetic analysis from 4 other patients (3 with relapse and
1 with failure) after they achieved a treatment end point: samples were obtained after completion of study therapy (for the
3 patients with relapse) or after failure. The pharmacokinetic
substudy was approved and monitored by the institutional review boards at the Centers for Disease Control and Prevention
(Atlanta, GA) and each study site. All patients gave written
informed consent.
Sample collection and drug and genotype analyses. Blood
samples were collected for analysis just before receipt of an
observed dose and 1, 2, 3, 6, and 24 h afterward. Patients took
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medications under the same conditions (i.e., either a fasting or
fed state) that they received TBTC Study 23 therapy. Standard
techniques were used for validated high-performance liquid
chromatography of plasma drug concentrations of isoniazid
[10], rifabutin, and 25-desacetyl rifabutin and for N-acetyltransferase genotyping [11].
Statistical and pharmacokinetic analyses. Data for patients who underwent prospective sampling during study therapy and those who underwent retrospective sampling after
completion of treatment were combined for the primary analyses, to compare all possible patients who achieved failure or
relapse with all other patients enrolled in the study. However,
1 patient (patient G; table 1), who was sampled retrospectively
after failure, was excluded from the isoniazid analysis, because,
as part of a daily retreatment regimen, isoniazid 300 mg was
administered for pharmacokinetic analysis. Another subject
(patient E), who was studied retrospectively after relapse, was
excluded from the rifabutin analysis because a blood sample
was not obtained 24 h after drug administration. Finally, the
pharmacokinetics of rifabutin (one 300-mg dose) in 2 subjects
(patients D and F), both of whom were studied retrospectively
after relapse, were adjusted for autoinduction by decreasing the
estimated rifabutin area under the concentration-time curve
(AUC0–24 ) by 37.5% and by decreasing the maximal concentration by 11.6% [12]. In additional analyses, which did not
adjust for rifabutin autoinduction, the association between outcome and the rifabutin AUC0–24 was examined only in patients
who underwent prospective sampling while receiving study
therapy. Because the metabolism of isoniazid does not undergo
induction, isoniazid parameters were not adjusted [10, 13].
Analyses of pharmacokinetic parameters were performed using noncompartmental techniques (WinNonlin, version 4;
Pharsight). Rifabutin is known to have an extended terminal
elimination phase. Because of the sparse sampling scheme, it
was not possible to accurately calculate the half-life of rifabutin.
Therefore, rifabutin half-life was not included in this analysis.
Data analyses were performed using SAS software (SAS) and
StatXact (Cytel). For dichotomous data, differences between
groups were determined using Fisher’s exact test or the x2 statistic. For nonnormally distributed data, the Mann-Whitney U
test (table 2) or the Mann-Whitney exact test (tables 3 and 4)
were used. Data were natural log–transformed if a normal distribution was rejected by the Shapiro-Wilk test or if variances
of different groups were unequal and natural log transformation
improved the validity of the analyses (tables 5 and 6 and the
multivariate regressions). Transformed results were back-transformed to the original scale to obtain mean values and 95%
CIs. We performed univariate analysis to compare epidemiologic, clinical, and treatment factors for patients with acquired
rifamycin resistance with those for other patients in the study

Figure 1.

Flow of patients in a study of the pharmacokinetic properties of rifabutin and isoniazid in persons with HIV infection and tuberculosis

(table 5). In multivariate regression analysis, the natural log–
transformed rifabutin AUC0–24 adjusted for autoinduction was
examined as the dependent (continuous) variable, with the
independent variables of ARR failure or relapse (present or
absent; categorical) and CD4+ cell count (in cells per milliliter;
continuous) at the time of tuberculosis diagnosis. Also, multivariate logistic regression models were examined, with ARR
failure or relapse (present or absent) as a dependent categorical
variable and the independent variables (entered in a step-wise
procedure) of rifabutin AUC0–24 adjusted for autoinduction
(low [!4.5 mg*h/mL] or high [⭓4.5 mg*h/mL]; categorical), the
number of treatment doses (2, 3, or 5) per week during the

induction phase (continuous), and CD4+ cell count at the time
of tuberculosis diagnosis (continuous) (table 4). For CD4+ cell
count, the OR denotes the odds for a unit decrease of 1 cell/
mL.
Finally, we analyzed factors associated with the rifabutin
AUC0–24. In analysis of covariance (ANCOVA), the natural log–
transformed rifabutin AUC0–24 adjusted for drug dose was examined as the dependent (continuous) variable, with the independent (categorical) variables of demographic, clinical, and
laboratory factors (table 6). The group means of the natural
log of the rifabutin AUC0–24 and the 95% CIs of these means
were then transformed back into their original units.

Table 1. Characteristics of patients who participated in the pharmacokinetic (PK) substudy associated with Tuberculosis Trials
Consortium Study 23 and in whom tuberculosis treatment failure or relapse occurred in association with acquired rifamycin-resistant
mycobacteria.

Patient

Time of PK
sampling

Outcome

Dosing
schedule

AUC (dose in mg)
a

Rifabutin

Isoniazid

Comments

A

Prospective

Failure

Twice weekly

B

Prospective

Relapse

Twice weekly

C
D
E

Prospective
Retrospective
Retrospective

Relapse
Relapse
Relapse

Twice weekly
Single dose
Single dose

F
G

Retrospective
Retrospective

Relapse
Failure

Single dose
2.75 (300) 11.43 (900)
…
Several dosesb 9.67 (300) ND (300) PK was performed during receipt of concurrent nelfinavir and
nevirapine antiretroviral therapy. The rifabutin AUC before
protease inhibitor treatment was likely lower than that at
the time of PK sampling. Also, isoniazid concentrations
were almost undetectable, but isoniazid AUC was not included in the isoniazid analysis because PK was performed
after administration of a nonstandard isoniazid study dose.

NOTE.

1.38 (300) 21.71 (900) Following the initiation of efavirenz-based antiretroviral therapy
after PK sampling, the estimated rifabutin AUC would have
been lower, because the rifabutin dose was not increased.
3.81 (300) 23.58 (900)
…
1.95 (300) 6.46 (900)
…
4.28 (300) 19.47 (900)
…
ND (300) 61.39 (900) Plasma rifabutin concentrations were very low, but
the patient was not included in the main rifabutin analysis
because a specimen was not obtained 24 h after sampling
and very late rifabutin absorption could not be ruled out.

AUC, area under the concentration-time curve; ND, not included in the analysis; PK, pharmacokinetic.

a

Rifabutin AUC0–24 with 2 cases with single dose studies adjusted for autoinduction.
b
One dose was administered on the day before PK sampling, another dose was administered 2 days before PK sampling, and a third dose was administered
5 days before PK sampling.
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Table 2. Demographic and clinical characteristics of patients enrolled in Tuberculosis (TB) Trials
Consortium (TBTC) Study 23 who did or did not participate in the pharmacokinetic (PK) substudy.
Patients in PK study
(n p 102)

Patients not in PK study
(n p 67)

P

41 (35–46)
79 (78)

39 (33–45)
53 (79)

.25
1.00

Race/ethnicity
Black
White, Hispanic

57 (56)
35 (35)

29 (43)
19 (28)

.12
.41

White, non-Hispanic
Born in Mexico
Homeless within past year
Injection drug use within the past year

7
22
30
10

12
10
15
7

.04
.32
.29
.46

Characteristic
Age, years
Male sex

Alcohol abuse within the past year
Body mass index at the time of TB diagnosis
Site of involvement
Pulmonary
Extrapulmonary and pulmonary
Presence of cavitation on chest radiograph
Bilateral lung involvement on chest radiograph
CD4+ cell count at the time of TB diagnosis
Log10 HIV RNA load at the time of TB diagnosis
Use of twice weekly treatment during first 2
months of TB therapy
NOTE.

(7)
(22)
(30)
(10)

(18)
(15)
(22)
(10)

a

38 (38)
21.5 (18.5–24.1)

19 (28)
20.9 (18.6–23.1)

.23
.55

56 (55)
37 (36)
18 (18)

37 (55)
17 (25)
3 (5)

.97
.14
.01

20 (20)

3 (5)

.02

101 (51–245)
5.3 (4.7–5.7)

55 (29–135)
5.3 (4.9–5.3)

.01
.89

48 (48)

27 (42)

.52

Data are no. (%) of patients or median value (interquartile range).

a

By the Mann-Whitney U test (for continuous variables) and the Fisher’s exact test or x2 statistic (for dichotomous
variables).

RESULTS
Patient characteristics. The demographic and clinical characteristics of the 102 patients in the pharmacokinetic substudy
were similar in most respects to the characteristics of the other
HIV-seropositive patients in Study 23 who did not participate
(table 2). However the CD4+ cell counts were higher and cavitation was more common among patients who underwent
pharmacokinetic sampling, suggesting that this population had
somewhat less advanced HIV disease. Fewer non-Hispanic
white persons participated in the present study.
Association between rifabutin AUC0–24 and treatment
outcome. The median rifabutin AUC0–24 was lower for patients with ARR failure or relapse than for patients without
ARR failure or relapse (3.3 vs. 5.2 mg*h/mL; P p .06, by the
Mann-Whitney exact test) (figure 2A and table 3). This association was also seen in an analysis restricted to the 96 patients
who underwent prospective sampling during the treatment trial
(2.0 vs. 5.2 mg*h/mL; P p .01, by the Mann-Whitney exact test).
ANCOVA adjusted for CD4+ cell count revealed that the mean
rifabutin AUC0–24 was significantly less for patients with ARR
failure or relapse than for other patients (3.0 mg*h/mL [95%
CI, 1.9–4.5] vs. 5.2 mg*h/mL [95% CI, 4.6–5.8]; P p .02). Similarly, multivariate logistic regression analysis adjusting for
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CD4+ cell count revealed that a low rifabutin AUC0–24 (!4.5
mg*h/mL) was associated with failure or relapse (table 4). There
was no association between the AUC0–24 of the desacetyl rifabutin metabolite and acquired rifamycin resistance (table 3).
In an analysis of patients who underwent prospective sampling, the median peak concentration of rifabutin was significantly lower for patients with acquired rifamycin resistance,
compared with patients without failure or relapse (0.15 vs. 0.45
mg/mL; P p .03, by the Mann-Whitney exact test). However,
a statistically significant difference between median concentrations was not detected in an analysis that included all patients
(0.30 vs. 0.45 mg/mL; P p .14, by the Mann-Whitney exact test;
table 3).
Isoniazid AUC0–12 and treatment outcome. Patients with
ARR failure or relapse had a lower median isoniazid AUC0–12
than did patients without failure or relapse (20.6 vs. 28.0 mg*h/
mL; P p .24, by the Mann-Whitney exact test) (table 3 and
figure 2B). The power of this comparison was limited by the
small number of patients (n p 6 ) that could be included in
the analysis. Furthermore, it is notable that patient G, who was
not included in the analysis because of the 300-mg isoniazid
dose he received, had isoniazid concentrations that were barely
detectable. Univariate analysis of data for 74 patients revealed

Table 3. Pharmacokinetic parameters for patients in whom tuberculosis treatment failure or relapse occurred in association with acquired rifamycin-resistant mycobacteria
(ARR) and patients without ARR-associated failure or relapse.
Patients with ARR
failure or relapse
Pharmacokinetic parameter

Patients without ARR
failure or relapse

No.

Median
(interquartile range)

No.

Median
(interquartile range)

P

6
6

20.6 (11.4–23.6)
7.8 (2.5–8.6)

89
91

28.0 (16.6–45.5)
7.5 (5.0–10.1)

.24
.59

a

b

Isoniazid

AUC0–12
Maximal concentration
Rifabutinc
AUC0–24
Maximal concentration

6
6

3.28 (1.95–4.28)
0.30 (0.15–0.46)

94
95

5.22 (3.97–7.39)
0.45 (0.29–0.58)

.06
.14

6
6

4.11 (1.95–6.85)
0.32 (0.15–0.53)

94
95

5.22 (3.97–7.39)
0.45 (0.29–0.58)

.31
.21

AUC0–24
Maximal concentration
Desacetyl rifabutind

3
3

1.95 (1.52–3.35)
0.15 (0.09–0.31)

94
95

5.22 (3.97–7.39)
0.45 (0.29–0.58)

.01
.03

AUC0–24
Maximal concentration
Desacetyl rifabutine

6
6

0.77 (0.47–1.13)
0.05 (0.03–0.09)

85
94

0.72 (0.55–1.60)
0.06 (0.04–0.10)

.69
.64

AUC0–24
Maximal concentration

3
3

0.45 (0.17–0.52)
0.03 (0.01–0.04)

94
94

0.71 (0.47–1.26)
0.06 (0.04–0.10)

.08
.10

Rifabutind
AUC0–24
Maximal concentration
Rifabutine

NOTE.

AUC, area under the concentration-time curve.

a

By the Mann-Whitney exact test.
b
Data are for patients sampled prospectively (n p 94 ) or retrospectively (n p 3 ) for pharmacokinetics
relative to Study 23 continuation-phase therapy.
c
Data are for patients sampled prospectively or retrospectively for pharmacokinetics relative to Study
23 continuation-phase therapy. Rifabutin pharmacokinetic parameters were adjusted for autoinduction [12]
in 2 patients with acquired rifamycin resistance sampled retrospectively after Study 23 continuation-phase
therapy and sampled after administration of a single dose of rifabutin.
d
Data are for patients who underwent prospective or retrospective sampling and are not adjusted for
induction.
e
Data are for patients who underwent prospective sampling.

that presence of the isoniazid acetylator type, determined by
detection of the N-acetyl-transferase type 2 genotype, was not
associated with ARR failure or relapse (P p .14 , by the x2 statistic). However, a logistic regression model of 5 events that
adjusted for rifabutin AUC0–24 revealed that a low isoniazid
AUC0–12 (natural log transformed) was significantly associated
with ARR failure or relapse (OR, 10.5; 95% CI, 1.1–100;
P p .04). As seen in figure 3, all patients with acquired rifamycin resistance had low AUCs0–24 for rifabutin, isoniazid, or
both.
Factors associated with rifabutin AUC. ANCOVA revealed
that, for demographic, clinical, and treatment factors adjusted
for dose, the mean rifabutin AUC0–24 was significantly higher
for patients who were younger (!40 years old) or receiving
protease inhibitor–based antiretroviral therapy (table 6). Multivariate ANCOVA revealed that dose, age, and receipt of pro-

tease inhibitor–based antiretroviral therapy were significantly
associated with the rifabutin AUC0–24.
DISCUSSION
This study suggests that the pharmacokinetics of rifabutin and
isoniazid are important in the pathogenesis of acquired rifamycin resistance in HIV-infected patients with tuberculosis. A
clear association was found between decreased rifabutin
AUC0–24 and acquired rifamycin resistance, despite the small
number of patients with acquired rifamycin resistance available
for analysis. This association was retained in an analysis limited
to prospectively sampled patients and in multivariate analysis
adjusting for CD4+ cell count, a previously identified risk factor
for acquired rifamycin resistance. It is notable that our analysis
probably overestimated rifabutin AUC for patients with acquired rifamycin resistance (table 1).
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Table 4. Results of multivariate logistic regression analysis, with adjustment for CD4+ cell count, of the association between low rifabutin
AUC0–24 and the outcome of tuberculosis treatment failure or relapse in
association with acquired rifamycin-resistant mycobacteria.

Variable

OR (95% CI)

Low rifabutin AUC0–24
CD4+ cell count
NOTE.
a
b

a

P, by the
Wald test

P, by logistic
likelihood ratio
test

.01

.003

.07

.0001

23 (2–279)
1.04 (1.00–1.08)

b

R2 p 0.46 for the logistic regression model.

!4.5 mg*h/mL.

Denotes the OR for a decrease in CD4+ cell count of 1 cell/mL.

In this pharmacokinetic study, the median isoniazid
AUC0–12 was lower among patients with ARR failure or relapse
than among other patients (20.6 vs. 28.0 mg*h/mL; P p .24),
but the median difference was not statistically significant in
univariate analysis. However, in a multivariate logistic regression model adjusting for rifabutin concentrations, lower isoniazid AUC0–12 was significantly associated with ARR failure or
relapse. Furthermore, results of additional comparisons sug-

gested that low isoniazid AUC may be important in the pathogenesis of acquired rifamycin resistance. The median isoniazid
AUC0–12 for all patients enrolled prospectively in the present
study was significantly lower than that for HIV-negative patients sampled prospectively in other TBTC studies (28 mg*h/
mL [interquartile range, 17–45 mg*h/mL] vs. 49 mg*h/mL [32–
67 mg*h/mL]; P ! .0001, by the Mann-Whitney U test) [14].
The isoniazid pharmacokinetic data are also consistent with

Table 5. Univariate analysis of demographic, clinical, and treatment factors for patients with and
patients without acquired rifamycin resistance.

Characteristic
Demographic
Age, years
Male sex
Race/ethnicity vs. all others
White, Hispanic
White, non-Hispanic
Black
Born in Mexico
Body mass index at the time of TB diagnosis
Clinical
Site of TB involvement
Pulmonary only
Both pulmonary and extrapulmonary
Presence of cavitation on chest radiograph
Bilateral lung involvement on chest radiograph
CD4+ cell count at the time of TB diagnosis
Log10 HIV RNA load at the time of TB diagnosis
TB treatment
Twice-weekly therapy during induction phase
Pharmacokinetics, mg*h/mL
Isoniazid AUC0–12
Rifabutin AUC0–24
NOTE.

Patients with
acquired
rifamycin resistance
(n p 7)

Patients without
acquired
rifamycin resistance
(n p 95)

Pa

39 (37–42)
6 (86)

41 (34–47)
74 (78)

.65
1.00

5 (71)
0 (0)
2 (29)
4 (57)
19.9 (17.8–26.0)

32 (34)
7 (100)
54 (57)
19 (20)
21.5 (18.6–24.1)

.10
1.00
.24
.04
.77

2 (29)

54 (57)

.24

3 (43)
1 (14)
1 (14)

34 (36)
19 (20)
17 (18)

.70
1.00
1.00

28 (21–43)
5.4 (5.2–5.6)
5 (71)
20.6 (11.4–23.6)
3.28 (1.95–4.28)

112 (55–259)
5.3 (4.7–5.8)

.001
.69

44 (46)

.26

28.0 (16.6–45.5)
5.22 (3.97–7.39)

.24
.06

Data are no. (%) of patients or median value (interquartile range). TB, tuberculosis

a

By the Mann-Whitney exact test (for continuous covariates) and by x2 analysis or Fisher’s exact test (for dichotomous
factors).

1486 • CID 2005:40 (15 May) • HIV/AIDS

Table 6. Effects of demographic, clinical, and treatment factors on the rifabutin area under the concentration-time curve (AUC) for 100 patients from Tuberculosis Trials Consortium (TBTC) Study 23 who
were enrolled in a substudy of pharmacokinetics.
Rifabutin AUC0–24
adjusted for
rifabutin dose

Rifabutin AUC0–24
Characteristic

Mean (95% CI)

P

Mean (95% CI)

Rifabutin dose ⭐300 mg
Yes (n p 80)

4.70 (4.21–5.25)

.008

…

No (n p 20)
Median age !40 years
Yes (n p 50)

6.69 (5.05–8.88)

No (n p 50)
Male sex
Yes (n p 79)

4.48 (3.79–5.30)

No (n p 21)
White, non-Hispanic
Yes (n p 7)
No (n p 93)
White, Hispanic
Yes (n p 35)
No (n p 65)
Black
Yes (n p 56)
No (n p 44)

5.21 (3.96–6.84)

5.68 (4.99–6.47)

5.00 (4.45–5.62)

P

…
.03

5.74 (4.98–6.61)

.01

4.44 (3.85–5.11)
.77

4.98 (4.43–5.59)

.62

5.31 (4.24–6.65)

5.56 (3.81–8.11)
5.01 (4.48–5.61)

.63

5.62 (3.80–8.30)
5.00 (4.50–5.57)

.58

5.56 (4.73–6.54)
4.79 (4.16–5.51)

.19

5.60 (4.76–6.59)
4.77 (4.20–5.42)

.15

4.70 (4.01–5.50)
5.53 (4.83–6.33)

.13

4.66 (4.06–5.34)
5.59 (4.79–6.51)

.09

5.20 (4.47–6.06)
4.81 (4.12–5.61)

.47

5.19 (4.49–6.00)
4.82 (4.17–5.58)

.49

Yes (n p 50)
No (n p 50)
Presence of other AIDS-defining condition(s)
Yes (n p 9)
No (n p 91)
Median HIV RNA viral load !32,000 copiesb

5.32 (4.60–6.14)
4.68 (3.98–5.50)

.24

5.39 (4.65–6.24)
4.63 (4.01–5.34)

.15

5.87 (4.15–8.32)
4.97 (4.44–5.57)

.38

5.70 (4.04–8.04)
4.99 (4.47–5.55)

.47

Yes (n p 46)
No (n p 46)
c
CD4+ cell count ⭐75 cells/mm3

5.33 (4.58–6.20)
4.81 (4.14–5.59)

.34

5.18 (4.50–5.97)
4.94 (4.29–5.70)

.65

5.18 (4.20–6.39)

.63

5.22 (4.35–6.28)

.54

Median body weight !65 kg
Yes (n p 50)
No (n p 50)
Median body mass index !22

Yes (n p 32)
No (n p 61)
Use of protease inhibitor–based antiretroviral therapy
Yes (n p 22)

4.88 (4.27–5.59)

No or NRTI only (n p 66)
Use of efavirenz-based antiretroviral therapy
Yes (n p 7)

4.42 (3.86–5.07)

No or NRTI only (n p 66)

6.52 (5.37–7.92)

6.81 (4.82–9.62)
4.42 (3.86–5.07)

a

4.86 (4.26–5.55)
.004

6.79 (5.47–8.42)

.0009

4.36 (3.85–4.94)
.05

4.96 (3.36–7.31)

.76

4.58 (3.99–5.26)

NOTE. Characteristics were recorded at the time samples were obtained for pharmacokinetic analysis, unless otherwise
indicated. NRTI, nucleoside reverse-transcriptase inhibitor.
a

By analysis of covariance.
Measured at the time of (or if unavailable, before) enrollment into TBTC Study 23 at a median of 66 days (interquartile
range [IQR], 31–100 days) before samples were obtained for pharmacokinetic analysis.
c
Measured at enrollment into TBTC Study 23 at a median of 49 days (IQR, 27–89 days) before samples were obtained
for pharmacokinetic analysis.
b

Figure 2.
A, Rifabutin area under the concentration-time curve
(AUC0–24) for patients in whom tuberculosis treatment failure or relapse
occurred in association with acquired rifamycin-resistant mycobacteria
(hereafter, “ARR failure or relapse”) (n p 6 ), compared with other patients
(n p 94). B, Isoniazid AUC0–12 for patients with ARR failure or relapse
(n p 6), compared with other patients (n p 89). The rifabutin AUC0–24
was adjusted for 2 patients who underwent pharmacokinetic sampling
after receipt of a single dose of rifabutin [12]. Boxes (lines), 25th and
75th percentiles (median values); brackets, 10th and 90th percentiles;
circles, outliers.

findings in a murine model of tuberculosis, in which bactericidal activity was highly correlated with the ratio of the isoniazid
AUC to the isoniazid MIC [15].
The association between acquired rifamycin resistance and
low isoniazid concentrations was expected. Resistance is
thought to emerge during periods of functional monotherapy,
when strains resistant to the drug that is still present (rifabutin,
in this case) would be selected. That this occurs almost exclusively among patients with severe immunodeficiency (CD4+ cell
count !75 cells/mm3 in almost all cases) suggests that ineffective
cellular immune function and marginal drug concentrations
permit greater mycobacterial growth between doses of tuberculosis chemotherapy, as well as increased opportunity for development of rifamycin tolerance or selection of genomic
resistance.
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However, the important finding in this study was the association between low rifabutin concentrations and acquired
rifamycin resistance. Mitchison [16] has suggested that rifamycins have unique sterilizing activity against slowly or intermittently metabolizing bacilli that remain after the initial phase
of multidrug therapy and that low concentrations of rifamycins
lead to inadequate mycobacterial suppression. Lower concentrations of rifabutin and isoniazid that were identified in our
study are consistent with and extend the hypothesis. Notably,
the rifabutin pharmacokinetic-pharmacodynamic parameters
associated with treatment outcome in the present study (table
3) are similar to rifampin pharmacokinetic-pharmacodynamic
parameters reported in a murine model of tuberculosis, in
which the rifampin AUC/MIC was better correlated with bactericidal activity than was the rifampin peak concentration [17].
Another factor postulated to be important in the pathogenesis of acquired rifamycin resistance is the disparity in the halflives of isoniazid and the long-acting rifamycins, rifabutin and
rifapentine [5, 18]. The pharmacokinetic mismatch between
rifapentine and isoniazid was thought to be one of the reasons
for the high rate of acquired rifamycin resistance among patients with advanced HIV infection who were treated with onceweekly rifapentine plus isoniazid [5]. There is a similar pharmacokinetic difference between rifabutin and isoniazid (with
plasma half-lives of 35 h and 2–5 h, respectively), so this mismatch might be thought to be important in the occurrence of
acquired rifamycin resistance in patients receiving this twiceweekly regimen. However, 2 observational cohort studies have
shown similar rates of acquired rifamycin resistance among

Figure 3. A comparison of rifabutin versus isoniazid area under the
concentration-time curves (AUCs) for patients in whom tuberculosis treatment failure or relapse occurred in association with acquired rifamycinresistant mycobacteria (hereafter, “ARR failure or relapse”) (n p 5;
squares) and patients without ARR failure or relapse (n p 90; circles).
Patients E and G (arrows; table 1), who had ARR failure or relapse, had
low rifabutin and isoniazid AUCs, respectively.

HIV-infected patients who received intermittent rifampin and
isoniazid therapy, compared with patients who received rifabutin and isoniazid therapy [8, 19]. Because the half-lives of
rifampin and isoniazid are similar, these studies suggest that
mismatched pharmacokinetic properties are not a requirement
for the development of acquired rifamycin resistance. However,
malabsorption of isoniazid in the presence of characteristic
rifampin pharmacokinetics can result in ARR-associated relapse
[13].
In the present study, multivariate ANCOVA revealed that
rifabutin AUC0–24 was significantly associated with age, use of
protease inhibitor–based antiretroviral therapy, and rifabutin
dose. The differences in the mean rifabutin AUC0–24 we observed for patients who did and patients who did not receive
antiretroviral therapy (table 6) were similar to differences in
the mean rifabutin AUC0–24 observed in other studies with longitudinal, cross-over designs and repeated pharmacokinetic
sampling before and after the start of antiretroviral therapy.
For example, the mean rifabutin AUC0–24 observed during baseline pharmacokinetic sampling of 7 patients with HIV-related
tuberculosis who were receiving rifabutin (300 mg twice
weekly) and no antiretroviral therapy increased by 33% after
the patients initiated rifabutin therapy (300 mg twice weekly)
and daily nelfinavir-based antiretroviral therapy (4.5 vs. 6.0
mg*h/mL; P p .15, by the paired t test) [20]. In addition, similar
to the differences in the mean rifabutin AUC0–24 observed between groups in our study (table 6), the mean rifabutin
AUC0–24 for 15 patients who initiated rifabutin therapy (600
mg twice weekly) and daily efavirenz-based antiretroviral therapy was higher than the baseline rifabutin AUC0–24 measured
after receipt of rifabutin (300 mg twice weekly) and no antiretroviral therapy [21].
This pharmacokinetic substudy has several important limitations. Pharmacokinetic data were obtained for only 7 patients
with ARR failure or relapse, resulting in decreased power and
reliability of study observations. However, this pharmacokinetic
substudy involving 102 patients, including 7 of 8 patients with
acquired rifamycin resistance enrolled in the parent trial, is the
largest study to date of drug pharmacokinetics in HIV-infected
patients with tuberculosis and the first study in which the association between drug pharmacokinetics and acquired rifamycin resistance has been analyzed. Although patients were
enrolled nonrandomly into the substudy from the treatment
trial, most patients for whom pharmacokinetic data could be
potentially studied participated in the substudy. In addition,
demographic and clinical characteristics of the 102 patients in
the pharmacokinetic study were similar to characteristics of the
other patients in Study 23. Four patients underwent pharmacokinetic analysis after completing their initial course of treatment, and it is possible that the pharmacokinetic parameters

for these patients would have been different if sampling had
been performed prospectively during receipt of study treatment.
However, after adjustment for the auto-inductive effects of rifabutin, pharmacokinetic parameters for patients who underwent sampling retrospectively were similar to those of patients
who underwent sampling prospectively in this study. Furthermore, patients who were only prospectively evaluated during
receipt of study treatment also demonstrated an association
between decreased rifabutin AUC0–24 and acquired rifamycin
resistance. Thus, it is unlikely that our use of retrospective
sampling resulted in an analytic bias. Our sampling scheme (6
time points per patient) was not sufficient to determine some
pharmacokinetic parameters (such as half-life) with accuracy.
Also, pharmacokinetic studies were not performed during the
initial, multidrug phase of treatment. However, the robustness
of our findings suggests that this sampling scheme and study
design were sufficient to detect relevant differences in pharmacokinetic parameters. In addition, CD4+ cell counts and HIV
loads were obtained before pharmacokinetic sampling was performed, so that correlations could not be evaluated between
HIV surrogate markers at the time of sampling and drug pharmacokinetic properties. Residual confounding by measured or
unmeasured variables is possible, but the association between
acquired rifamycin resistance and low rifabutin AUC0–24 remained strong in analyses adjusting for risk factors for failure
or relapse identified in the parent study.
In summary, our study offers strong evidence that an important factor in the pathogenesis of acquired rifamycin resistance is the abnormal pharmacokinetics of the drugs used to
treat tuberculosis, and the results illustrate the usefulness of
incorporating pharmacokinetic measurements into studies
evaluating new tuberculosis treatment regimens. The relationship between drug pharmacokinetics and acquired rifamycin
resistance was strongest for low rifabutin AUC0–24, but data also
suggested a relationship with low isoniazid AUC0–12. Additional
clinical trials are required before these results can be translated
into clinical practice. One possible trial might involve therapeutic drug monitoring of rifabutin and isoniazid in patients
with tuberculosis and advanced HIV disease [22]. However, the
expense of obtaining drug concentration data at multiple time
points is considerable, and our results do not lend themselves
to simple criteria for interpretation of and action based on the
results of the such data. Intensification of treatment by means
of increased dosage frequencies [23] and dose sizes may ameliorate the risk of abnormally low plasma concentrations of
antituberculosis drugs, but it requires additional study to determine optimally effective regimens. Current recommendations propose use of daily therapy, at least for the first 2 months
of treatment, for patients with tuberculosis and advanced HIV
disease [9].
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