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Objectives: To describe the pharmacokinetics of isoniazid and acetyl-isoniazid in TB/HIV-coinfected patients,
and assess the effects of efavirenz co-administration and a 50% increase in the dose of rifampicin on the phar-
macokinetic parameters of isoniazid and acetyl-isoniazid.

Methods: TB/HIV-coinfected patients participating in the three-treatment-arm RAFA randomized controlled trial
conducted in West Africa were recruited into the pharmacokinetics sub-study. Five serial blood samples were col-
lected on a single visit between 4 and 8 weeks after initiation of antituberculosis treatment. Concentration–time
data for isoniazid and acetyl-isoniazid were analysed using non-linear mixed-effects models.

Results: Isoniazid concentrations from 150 patients were available for analysis, and 79 of these (53%) also had
concentrations of acetyl-isoniazid. Isoniazid pharmacokinetics was best described with a two-compartment dis-
position model with lagged first-order absorption and elimination using a semi-mechanistic model describing
hepatic extraction. The model identified two elimination pathways, separating formation of acetyl-isoniazid
from other routes of metabolism. The predicted AUC0–24 is reduced by 29% in patients who are fast acetylators
of isoniazid and receiving efavirenz-based ART (6.73 versus 4.68 mg�h/L). In slow acetylators, efavirenz-based
ART had no effect on isoniazid exposure (AUC0–24"17.5 mg�h/L).

Conclusions: Efavirenz-based ART affects the acetylation metabolic pathway amongst rapid acetylators, result-
ing in reduced exposure to isoniazid. Pharmacokinetics of isoniazid and acetyl-isoniazid were not influenced by
the 50% increase in rifampicin dose.

Introduction

Isoniazid is part of the multidrug regimen used for the treatment
of drug-susceptible TB, which also includes rifampicin, pyrazina-
mide and ethambutol.1 The currently recommended daily dose of
isoniazid is 5 mg/kg (4–6 mg/kg),1 administered with the aim of
achieving a Cmax of 3–6 mg/L, which TB patients are expected to
tolerate.2 The drug has excellent early bactericidal activity (EBA),
mostly against rapidly metabolizing and replicating bacilli.3 In an
EBA study, a steady-state AUC of 10.52 mg�h/L achieved 90% of
the maximum bactericidal activity.4

The major metabolic pathways for isoniazid include acetylation
via N-acetyltransferase 2 (NAT2) to form acetyl-isoniazid and hy-
drolysis to produce isonicotinic acid.5,6 Polymorphisms in NAT2

confer high interindividual variability in isoniazid exposure and are
associated with fast, intermediate and slow metabolizer pheno-
types.7 Interindividual variability in isoniazid due to NAT2 polymor-
phisms may be associated with the emergence of MDR TB,
treatment failure or relapse, reduced bactericidal activity, and tox-
icity.8,9 Variability in isoniazid pharmacokinetics is also attributed
to drug–drug interactions, weight, sex, health condition and for-
mulation.10–13 TB/HIV-coinfected patients receiving antituberculo-
sis therapy and ART are at risk of drug–drug interactions, and a
study conducted in Mozambique showed a 29% reduction in iso-
niazid exposure when co-administered with efavirenz-based
ART.12 Rifampicin induces a number of drug-metabolizing
enzymes and doses higher than the currently recommended
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10 mg/kg can potentially affect the pharmacokinetics of co-
administered drugs. Therefore, we sought to describe the popula-
tion pharmacokinetics of isoniazid and acetyl-isoniazid among TB/
HIV-coinfected patients recruited in a trial embedded within a rou-
tine clinical setting and evaluated the effects of efavirenz-based
ART and a 50% increase in dose of rifampicin.

Patients and methods

Study design and patient selection

The RAFA study (PACTR201105000291300) was a three-arm randomized
controlled trial designed to assess the effect of timing of ART and high-dose
(!50%) rifampicin on patient survival and TB treatment outcomes among
TB/HIV-coinfected and treatment-naive patients in Benin, Guinea, and
Senegal. Patients were randomized to either a control arm, which was
standard of care at the time (standard antitubercular treatment with
10 mg/kg doses of rifampicin and start of ART 8 weeks thereafter), or to
early start of ART (2 weeks after initiating antituberculosis treatment), or to
receive a high dose of rifampicin in the first 8 weeks of TB treatment (50%
dose increase, i.e. 15 mg/kg, and start of ART 8 weeks after initiating antitu-
berculosis treatment). Patients were included in the study if they were aged
�18 years, had a positive HIV test, had a CD4! lymphocyte count
.50 cells/mm3, were ART-naive, and had a recent TB diagnosis (with bac-
teriological or molecular evidence). Women were excluded if they were
pregnant, lactating or unwilling to use contraception. Other criteria used for
exclusion included HIV-2 infection, recreational drug and alcohol abuse
that could influence the outcome of the study, and laboratory values out-
side the normal ranges defined by the NIH, with the exception of patients
with up to grade-3 anaemia, who were included.14

Antituberculosis treatment was administered as a four-drug fixed drug
combination (FDC) according to WHO weight-band-based guidelines.1 Each
tablet contained 75 mg of isoniazid, 150 mg of rifampicin, 400 mg of pyrazi-
namide and 275 mg of ethambutol. Patients weighing ,38 kg, between 38
and 54 kg, between 55 and 70 kg and .70 kg received two, three, four and
five tablets, respectively. Patients randomized to high-dose rifampicin
received the weight-based number of standard FDCs, plus additional
150 mg tablets of rifampicin only, to attain a dose of 15 mg/kg of body
weight. The efavirenz dose was 600 mg regardless of body weight. All
patients received co-trimoxazole preventive therapy at the start of TB treat-
ment as recommended by WHO.15

Specimen collection and drug quantification
A subgroup of patients enrolled at clinical sites in Benin and Guinea under-
went pharmacokinetic sampling. Between 4 and 8 weeks after antitubercu-
losis treatment initiation, patients were admitted overnight before
pharmacokinetic sampling. Five serial blood samples were drawn: pre-dose
(�15 min before a dose) and 2, 3, 6 and 10 h post-dose. Blood samples
were processed and plasma was stored immediately at #80�C before
transfer on ice to the analytical laboratory (Division of Clinical
Pharmacology, University of Cape Town, South Africa), where isoniazid and
acetyl-isoniazid were quantified using a validated LC–MS/MS assay devel-
oped at the laboratory. Samples were processed with a protein precipitation
extraction method using isoniazid-d4 and acetyl-isoniazid-d4 as internal
standards, followed by HPLC with MS/MS detection using an AB SCIEX API
3000 instrument. The analyte, metabolite and internal standards were
monitored at mass transitions of the protonated precursor ions m/z 138.11,
180.16, 142.21 and 184.21 to the product ions m/z 79.10, 121.10, 83.10
and 83.20 for isoniazid, acetyl-isoniazid, isoniazid-d4 and acetyl-isoniazid-
d4, respectively. The calibration curves fitted quadratic (weighted by 1/con-
centration) regressions over the ranges 0.102–26.0 mg/L for isoniazid and
0.0501–25.6 mg/L for acetyl-isoniazid. The combined accuracy (Nominal)
and precision (CV) statistics of the limit of quantification, low medium and

high quality control samples (three validation batches, N"18) for both
analyte and metabolite were between 92.2% and 107% and between
2.9% and 10.9%, respectively.

Pharmacokinetic data analysis
Isoniazid and acetyl-isoniazid pharmacokinetics data were interpreted
using non-linear mixed-effects modelling in the software NONMEM version
7.3 and the algorithm first-order conditional estimation with g–e inter-
action (FOCE-I).16 Perl-Speaks-NONMEM version 4.7.0, Pirana version 2.9.6
and the R package xpose4 version 4.6.0 were used to interact with
NONMEM, track model development and evaluate model diagnostics, re-
spectively.17 R version 3.2.3 was used for data manipulation, generating
additional plots and post-modelling analysis using RStudio interface version
0.99.903.18,19

Model development was performed in a stepwise manner, starting with
the structural pharmacokinetic model for isoniazid and then incorporating
acetyl-isoniazid. One- and two-compartment disposition models together
with simple first-order elimination or a liver compartment to capture the
first-pass effect were explored to describe the pharmacokinetics of isonia-
zid.20 As individual acetylator genotype was not available, inclusion of a mix-
ture model with two or three sub-populations was investigated to classify
patients into different acetylator phenotypes.21 Allometric scaling was
applied to all clearance and volume of distribution parameters (exponent
fixed to 0.75 for clearance and 1 for volume) for both isoniazid and acetyl-
isoniazid to account for the effect of body size using total body weight
(TBW), fat-free mass (FFM) or body fat.22 The mixture model on clearance of
isoniazid and allometric scaling were included in the early phases of model
development, as there is strong evidence supporting their effect on the
pharmacokinetics of isoniazid.7,23 Absorption of isoniazid was described
using a first-order absorption model, with or without a delay, achieved using
a lag time or a chain of transit compartments.24 Clearance of isoniazid was
assumed to be either via a single metabolic pathway or two metabolic path-
ways, with one being responsible for the formation of acetyl-isoniazid. The
pharmacokinetics of acetyl-isoniazid was described using either a one- or
two-compartment disposition model and first-order elimination from the
central compartment. A correction factor was included in the model to ad-
just for differences in molecular weight at the formation of acetyl-isoniazid
(179.18 g/mol for acetyl-isoniazid versus 137.139 g/mol for isoniazid).25

A log-normal distribution was assumed for between-subject variability
(BSV) and between-occasion variability (BOV) of the pharmacokinetic
parameters. Residual unexplained variability, defined separately for isonia-
zid and acetyl-isoniazid, comprised both additive and proportional compo-
nents. Concentration readings below the lower limit of quantification
(LLOQ) for both isoniazid and acetyl-isoniazid were provided by the labora-
tory and included in the analysis. Undetectable concentrations and those
,10% of the respective LLOQ value were censored at 10% of the LLOQ, and
half the censoring value was imputed, following the implementation of
method M6 given by Beal.26 The minimum value of the additive error for
both isoniazid and acetyl-isoniazid was fixed to 20% of the respective LLOQ
value.

The effect of potential covariates on the pharmacokinetic parameters
was investigated in the model, including early initiation of ART, high-dose ri-
fampicin, CLCR (estimated by the Cockcroft–Gault equation27), batch of FDC
tablets, ALT and study site. ALT and serum creatinine were measured on
the pharmacokinetic sampling day. Covariate effects were retained in the
model if physiologically plausible, statistically significant as defined by a
drop in objective function value (OFV) of .3.84 for 1 degree of freedom (df),
corresponding to a P value of ,0.05 for a v2 distribution, and if they
improved goodness-of-fit plots. A non-parametric bootstrap (n"300, with
replacement) was applied to evaluate the robustness of the final param-
eter estimates and compute 95% CIs. Model-derived individual exposures
were extracted from the final model and summarized in different strata of
significant covariates, including metabolic status.
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Ethics
Ethics approval for the study was provided by the University of Cape Town
(reference 153/2011), the London School of Hygiene and Tropical Medicine
(reference 5917) and the national ethical committees of Benin (reference
004 31 March 2011) and Guinea (reference 02/CNERS/11). All patients pro-
vided written consent before enrolment in the study.

Results

Patient characteristics

Isoniazid concentrations were available in 150 patients, whereas
acetyl-isoniazid was only measured in 79 patients. A total of 745
plasma isoniazid concentrations and 390 plasma acetyl-isoniazid
concentrations were included in the pharmacokinetic analysis.
Concentrations of isoniazid were undetectable (concentrations
were less than the sensitivity of the spectrometer) in 12% of the
plasma samples, with 83% of these being pre-dose samples,
whereas acetyl-isoniazid was detectable in all 390 plasma sam-
ples. The median weight, height and FFM in the cohort were 51 kg,
1.70 m and 43.3 kg, respectively (Table 1). Of the 150 patients, 40
(27%) were randomized to the early-ART arm and 70 (47%) to the
high-dose rifampicin arm.

Isoniazid and acetyl-isoniazid pharmacokinetics

The schematic diagram of the final integrated model for isoniazid
and acetyl-isoniazid pharmacokinetics is shown in Figure 1.
Isoniazid pharmacokinetics was best described using a two-
compartment disposition model. The inclusion of a liver compart-
ment to account for hepatic extraction including a first-pass effect
improved the model fit (DOFV"#9; no extra parameter was esti-
mated), and so did the inclusion of a lag time (tlag) in absorption
(DOFV"#22, 1 df, P , 0.001). Our model could separate acetyl-
ation, which leads to the formation of acetyl-isoniazid, from other
routes of elimination (OFV"#143, 1 df, P , 0.001). The population
distribution for isoniazid clearance to acetyl-isoniazid was found to
be bimodal, with the proportions of fast and slow acetylators each
estimated to be 50%; attempts to characterize trimodality were
not supported by the data. The pharmacokinetics of acetyl-
isoniazid followed a two-compartment disposition model with
first-order elimination.

The typical pre-hepatic bioavailability was fixed to a reference
value of 1 and stochastic BOV was included (by handling pre- and
post-dose samples as separate pharmacokinetic occasions).
A subject with a bioavailability of 1.2 means that the subject’s bio-
availability is 20% more compared with a typical individual. The
typical values for the volume of the liver compartment and hepatic
plasma flow were fixed to 1 L and 50 L/h, respectively, and the un-
bound fraction of isoniazid was fixed to 95%.28,29 Sensitivity ana-
lysis was performed on the values chosen for hepatic plasma flow
and unbound fraction and they did not affect any of the overall
conclusions. Allometric scaling was applied to all clearance and
volume parameters including the liver, using FFM, which was su-
perior to total body weight (DOFV"#14; no extra parameters
estimated).

Table 2 shows the parameter estimates from the final model
and the associated 95% CIs. The visual predictive check (VPC) dis-
played in Figure 2 provides evidence that the model describes the
observed data adequately. The model estimated that the

acetylation intrinsic clearance was on average around 6-fold
higher for fast compared with slow metabolizers. This makes
acetylation the major route of elimination for fast metabolizers,
contributing �75% of the total clearance, whereas it represents
only �30% of the clearance in slow metabolizers. Patients classi-
fied as fast acetylators and receiving efavirenz-based ART had
54% higher intrinsic clearance compared with ART-naive patients
for the acetylation pathway, which is associated with the forma-
tion of acetyl-isoniazid (DOFV"#9, 1 df, P , 0.002). No effect of
efavirenz-based ART on acetylation clearance of isoniazid was sup-
ported in patients classified as slow acetylators [i.e. only a small
and non-statistically significant trend was found (P . 0.05; only 5%
increase in clearance)] and thus not included in the final model.
There was no effect of efavirenz-based ART on the clearance com-
ponent not associated with acetylation. Inclusion of the effect of
high-dose rifampicin on the pharmacokinetics of isoniazid was not
significant and did not improve the model fit.

Additionally, our model detected 62.1% reduced bioavailability
in all 28 patients treated with two of the FDC batches
(DOFV"#106, 1 df, P , 0.001). Of these patients, 70% were in the
high-dose rifampicin arm, while 11% and 18% were in the early-
ART and control arms, respectively. The proportion of patients
receiving tablets from these two batches did not differ by mixture-
assigned acetylator status (20% and 18% among slow and fast
acetylators, respectively). BSV in clearance attributed to acetyl-
ation was slightly higher compared with other routes of metabol-
ism. A large improvement in model fit (DOFV"#37, 1 df,
P , 0.001) was observed when each route of elimination was
allowed to have its own BSV parameter.

Table 3 shows that the predicted AUC0–24 for a fast acetylator
on efavirenz-based ART is 73% lower than a slow acetylator after
adjusting for other effects in the model, including the dose. When
compared with a fast acetylator not on efavirenz-based ART, the
AUC0–24 is reduced by 29% (6.73 versus 4.68 mg�h/L). The post hoc
steady-state individual estimates of AUC0–24 and Cmax from the

Table 1. Patient characteristics prior to starting antituberculosis
treatment

Characteristic Value

Total number of patients 150

Females, n (%) 56 (37.3)

Early-ART arm, n (%) 40 (26.7)

High-dose rifampicin arm, n (%) 70 (46.7)

Weight, kg 51 (33–87)

Height, m 1.7 (1.4–1.94)

FFM, kg 43.3 (24.8–65.3)

Age, years 38 (19–65)

CD4! cells/mm3 167 (51–772)

Viral load, copies/mL (%103) 150 (0.08–10000)

Serum creatinine, lmol/L 89 (23–212)

Haemoglobin, g/dL 9.35 (5.2–15.9)

ALT, U/L 26 (3–97)

White blood cells, %109/L 7 (2.6–26.2)

Platelets, %109/L 339 (124–832)

Unless otherwise indicated, median (range) values are presented.
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final model are summarized in Table 4 and displayed in Figures 3
and 4, except for the 28 patients receiving the reduced-
bioavailability FDC batches, which were excluded. None of the
patients classified as fast acetylators achieved the AUC0–24 of
10.52 mg�h/L previously associated with EBA, whereas .75% of
slow acetylators achieved this exposure level (Table 4 and
Figure 3). Figure 4 depicts the model-derived Cmax on the pharma-
cokinetic sampling day (equivalent to steady state). Regardless of
treatment arm, all patients classified as fast acetylators had Cmax

below the range of 3–6 mg/L and .85% of the slow acetylators
had Cmax below the range.

Discussion

This study described the pharmacokinetics of isoniazid and acetyl-
isoniazid in a cohort of TB/HIV-coinfected patients. Using popula-
tion pharmacokinetic modelling, we showed that co-
administration of isoniazid and efavirenz resulted in markedly
reduced exposure to isoniazid amongst fast acetylators. The
model predicts that for a typical individual the AUC0–24 is
decreased by 29% when isoniazid is co-administered with
efavirenz-based ART in fast acetylators. Results from a study con-
ducted in Mozambique also showed a 29% reduction in isoniazid
exposures in TB/HIV-infected patients.12 However, no categoriza-
tion into fast and slow acetylators was performed. In our study, we
were able to show that the effect of efavirenz is specific for the
acetylation metabolic pathway and thus it affects the fast acetyla-
tors more. Efavirenz induces a number of enzymes in the cyto-
chrome P450 family,30 but to the best of our knowledge nothing

has been reported on the effect of efavirenz on the activity of
NAT2. Our results and the results from the study conducted in
Mozambique suggest that efavirenz may modulate the activity of
NAT2. The effect of efavirenz-based ART on the acetylation path-
way also results in higher concentrations of acetyl-isoniazid.
Isoniazid-induced hepatotoxicity is related to hydrolysis of isonia-
zid and acetyl-isoniazid by amidases to form toxic hydrazine and
acetyl-hydrazine, respectively.31 Therefore, depending on the af-
finity of the specific isoform of the amidase for either isoniazid or
acetyl-isoniazid, hepatotoxicity patterns in TB patients receiving
efavirenz-based antiretroviral therapy may be altered.

The model-predicted 6-fold higher acetylation intrinsic clear-
ance for fast compared with slow acetylators observed in our study
is within the range previously reported.32,33 Slow acetylators lack
functional NAT2 enzyme,34 and our results show that the clear-
ance reported in other studies for slow acetylators is driven largely
by metabolic pathways other than acetylation. Overlapping of the
exposure ranges between slow and fast acetylators is not unex-
pected, since multiple different slow-acetylator genotypes may
lead to high pharmacokinetic variability.35–37

Adequacy of exposure to isoniazid on the pharmacokinetic
sampling day is evaluated against expected AUC0–24 or Cmax. The
Cmax range of 3–6 mg/L was suggested based on concentrations
observed in healthy volunteers recruited under controlled Phase I
studies and in TB patients.2 However, the Cmax observed in TB/HIV-
coinfected patients could be lower than in healthy volunteers and
TB patients. Moreover, although Cmax remains a popular target be-
cause of its immediacy and ease of interpretation, it suffers from
the limitation of being extremely variable even within the same

Dose

Absorption

Isoniazid
central

VC

Acetyl-isoniazid
central
VC–AC

CLAC /VC–AC

QAC /VP–AC

QAC /VC–AC

Acetyl-isoniazid
peripheral

VP–AC

Liver
VH

Isoniazid
Peripheral

VP

Q/VP

Q/VC

QH/VC

Ka

QH(1 – EH)/VHFpre–H

QH · EH_OTHER/VH

QH · EH_AC/VH

Figure 1. Schematic diagram of the model describing the pharmacokinetics of isoniazid and acetyl-isoniazid. Fpre-H, pre-hepatic bioavailability; Ka, ab-
sorption rate constant; EH, hepatic extraction; EH_AC, hepatic extraction to acetyl-isoniazid via acetylation; EH_OTHER, hepatic extraction via other routes
of metabolism; VC, volume of central compartment for isoniazid; VP, volume of peripheral compartment for isoniazid; VC-AC, volume of central com-
partment for acetyl-isoniazid; VP-AC, volume of peripheral compartment for acetyl-isoniazid; VH, volume of liver; Q, inter-compartmental clearance for
isoniazid; QAC, inter-compartmental clearance for acetyl-isoniazid; QH, hepatic plasma flow; CLAC, clearance for acetyl-isoniazid.
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patient on different occasions due to the erratic nature of drug ab-
sorption processes.38 Steady-state AUC0–24 is a much more stable
exposure index and a value .10.52 mg�h/L has been associated
with 90% of the maximum EBA of isoniazid.4 All patients classified
as fast acetylators had AUC0–24 ,10.52 mg�h/L, and this reflects
the extent of metabolism due to NAT2 activity in fast compared
with slow acetylators and its overall effect on exposure. This results
in widely varying exposure levels between fast and slow acetyla-
tors, thereby contributing to differences in treatment outcomes
and toxicity. The proportion of patients at risk of drug-induced liver
injury was reported to be 78% with the currently recommended
dosing (5 mg/kg) compared with 0% in the NAT2-adjusted dose
group (2.5 mg/kg for slow acetylators and 7.5 mg/kg for fast acety-
lators). Among fast acetylators, early treatment failure in the
standard dose arm was double that in the NAT2-adjusted dose
arm.39 Reduced isoniazid exposure could lead to an inadequate in-
tensive and continuation phase treatment regimen, with patients
being effectively only on rifampicin monotherapy during the con-
tinuation phase. This might increase the risk of emergence of drug
resistance. The effects of reduced exposure to isoniazid due to
NAT2 activity could be minimized if point-of-care phenotypic tests
are developed to assist dosing in patients with drug-susceptible
TB.

The result that a 50% increase in rifampicin dose does not influ-
ence the pharmacokinetics of isoniazid is in line with reports
by Boeree et al.,40 who investigated the effect of higher doses

of rifampicin of up to 35 mg/kg (3.5-fold increase) on pharmaco-
kinetics of the other first-line TB drugs and did not find any dif-
ference in their AUC between standard- and higher-dose
rifampicin arms. Based on these results, we can conclude that
increased doses of rifampicin are unlikely to affect isoniazid
exposure.

While a single FDC product was used throughout the study, we
found reduced bioavailability in two of the drug batches. This find-
ing underlines the importance of continuous quality control checks
on batch-to-batch variability, as well as maintenance of appropri-
ate storage conditions. This result also reflects the challenges
associated with conducting clinical trials in routine clinical settings
and, most importantly, it provides essential information for
monitoring of drug quality in TB treatment programmes. An
analysis of the drug content in a sample of tablets from the
two batches with reduced bioavailability might have helped
to assess the quality of the tablets, but unfortunately there
were no remaining tablets from the implicated batches when
this effect was detected.

Differences in body size and composition included in our model
via allometric scaling using FFM (calculated using weight, height
and sex) also explain some variability in the pharmacokinetics of
isoniazid in addition to acetylator status.41 This combined effect of
weight, height and sex could explain the reported disparity in ex-
posure between males and females,11 since females usually have
a larger proportion of body fat, which does not contribute to the
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stratum shows the same VPC with a logarithmic transformation applied to the y-axis.
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size of other body organs such as the liver.42 Recent population
pharmacokinetics models for the first-line antituberculosis drugs
have shown that FFM is a better size descriptor for scaling clear-
ance and volume compared with total body weight.23,43 We pos-
tulate that the implementation of evidence-based dosing by
weight band, accounting for the effects of FFM on volume and
clearance, would reduce the variability in drug exposure usually
observed among TB patients, and this will translate into favourable
treatment outcomes and reduced toxicity.

A limitation of our study is that no genotyping has been per-
formed to identify the acetylator status of each patient; however,
this will be done in a future study using DNA samples from some
patients. Without genetic information, it is difficult to separate
homozygous fast-acetylator and heterozygous fast-acetylator
status.44 However, the proportion of fast acetylators (50%) in our
model is not different from those that have been reported for
African populations.32,45

In conclusion, we developed a population pharmacokinetic
model for isoniazid and acetyl-isoniazid in a population of TB/HIV-
coinfected patients. The model could separate clearance due to
acetylation and other routes of metabolism and predicted a 29%

reduction in AUC0–24 of isoniazid for fast acetylators receiving
efavirenz-based ART compared with no ART. A 50% increase in the
dose of rifampicin did not influence the pharmacokinetics of iso-
niazid and acetyl-isoniazid.
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Isoniazid
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acetylation: slowc,d 6.64 (5.55–8.39)

other pathwaysd 11.4 (9.11–13.3) 34.6 (17.7–45.4)

central volume (L)d 47.7 (40.8–56.3) 18.9 (8.29–27.7)

inter-compartmental clearance (L/h)d 4.80 (0.730–11.5) –

peripheral volume (L)d 8.14 (5.06–247) –

absorption constant (/h) 1.59 (1.36–2.09) 36.7 (22.9–54.3)

absorption lag (h) 0.287 (0.202–0.590)

pre-hepatic bioavailabilitye 1 fixed 16.9 (12.4–22.8)f

proportion of fast acetylators (%) 50.1 (40.5–59.0) –

efavirenz effect on acetylation clearance in fast acetylators (%) !54.1 (23.2–97.8) –

drug batch effect on bioavailability (%) #62.1 (#66.7 to #57.0) –

proportional error (%) 11.2 (9.55–12.6) –

additive error (mg/L) 0.02 fixed –

Acetyl-isoniazid

clearance (L/h)d 6.77 (5.78–7.87) 17.5 (13.9–21.3)

central volume (L)d 34.4 (30.5–40.1) –

inter-compartmental clearance (L/h)d 0.506 (0.323–1.42) –

peripheral volume (L)d 81.4 (19.8–991) –

proportional error (%) 5.25 (3.9–6.49) –

additive error (mg/L) 0.013 (0.01–0.019) –

aObtained with a non-parametric bootstrap (n"300).
bVariability is assumed to be log-normally distributed and is reported as approximate %CV.
cIntrinsic CL of isoniazid when given without efavirenz.
dAll CL and volume parameters have been allometrically scaled with FFM, and the typical values reported here refer to the typical patient, with an
FFM of 43.3 kg.
ePre-hepatic bioavailability is the fraction of the drug that is absorbed, and crosses the gut wall unchanged, thus entering the portal vein and reaching
the liver.
fBOV.
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Figure 3. Boxplots of AUC0–24 for isoniazid and acetyl-isoniazid stratified by treatment arm (receiving efavirenz-based ART versus no ART) and NAT2
metabolizer status. The dots are model-derived individual exposures (steady-state AUC0–24). The dashed line represents the exposure (AUC0–24"10.52 mg�h/L)
associated with 90% early bactericidal activity of isoniazid.4
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Table 3. Estimates of oral clearance and AUC at steady state for isoniazid and acetyl-isoniazid for slow and fast acetylators when given with or with-
out efavirenz-based ARTa

Scenario

Intrinsic CL
of isoniazid

(L/h)

Hepatic extraction
of isoniazid

(EH) (%)

Oral CL of
isoniazid

(L/h)

Change in
isoniazid

oral CL (%)
Isoniazid AUC

(mg�h/L)b
Acetyl-isoniazid
AUC (mg�h/L)c

Slow acetylator 18.0 26 17.1 reference 17.5 5.44

Fast acetylator not on efavirenz-based ART 47.3 47 44.9 !162 6.68 20.8

Fast acetylator on efavirenz-based ART 66.7 56 63.4 !270 4.73 26.8

aThe estimates reported here refer to an individual with an FFM of 43.3 kg (the median in our cohort). These are calculated using population param-
eter estimates from the fixed effects component of the final model.
bAUC for a dose of 300 mg.
cAUC¼ EH�DOSEisoniazid�FRACTIONacetylation�

Molecular weightacetyl�isoniazid

Molecular weightisoniazid

� �
=CLEARANCEacetyl�isoniazid

Table 4. Summary of AUC0–24 and Cmax for isoniazid and acetyl-isoniazid stratified by treatment arm [receiving efavirenz (EFV)-based ART versus no
ART] and NAT2 metabolizer statusa

Arm and status AUC0–24, mg�h/L (90% range) Cmax, mg/L (90% range)

Isoniazid (N"122)

fast acetylator on EFV-based ART 4.18 (2.38–5.81) 1.26 (0.788–1.87)

fast acetylator not on EFV-based ART 6.52 (3.64–8.73) 1.70 (1.10–2.37)

slow acetylator on EFV-based ART 15.0 (6.53–26.8) 2.39 (1.37–2.95)

slow acetylator not on EFV-based ART 15.6 (9.88–22.8) 2.41 (1.49–3.39)

Acetyl-isoniazid (N"79)

fast acetylator on EFV-based ART 22.2 (13.3–34.2) 1.83 (2.87–3.81)

fast acetylator not on EFV-based ART 21.3 (17.0–31.4) 1.64 (2.29–3.32)

slow acetylator on EFV-based ART 8.59 (4.98–19.3) 0.489 (0.741–1.24)

slow acetylator not on EFV-based ART 10.3 (6.57–16.9) 0.61 (0.822–1.36)

aIndividual AUC0–24 and Cmax were calculated using the post hoc individual parameter estimates (including fixed effects and BSV and BOV parame-
ters) from the final model. The values are provided for comparison with other studies, but they are not used for statistical inference since they are de-
pendent on the model and affected by statistical shrinkage.
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