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Long-term efavirenz 
pharmacokinetics is comparable 
between Tanzanian HIV and HIV/
Tuberculosis patients with the same 
CYP2B6*6 genotype
Eliford Ngaimisi Kitabi  1,2, Omary Mashiku Sylivester Minzi1, Sabina Mugusi3, Philip Sasi3, 
Mohamed Janabi5, Ferdinand Mugusi5, Leif Bertilsson2, Jürgen Burhenne4 & Eleni Aklillu  2

The impact of anti-tuberculosis co-treatment on efavirenz (EFV) exposure is still uncertain as 
contradictory reports exist, and the relevance of CYP2B6*6 genetic polymorphism on efavirenz 
clearance while on-and-off anti-tuberculosis co-treatment is not well investigated. We investigated 
the determinants of long-term efavirenz pharmacokinetics by enrolling HIV (n = 20) and HIV/
Tuberculosis (n = 36) subjects undergoing efavirenz and efavirenz/rifampicin co-treatment respectively. 
Pharmacokinetic samplings were done 16 weeks after initiation of efavirenz-based anti-retroviral 
therapy and eight weeks after completion of rifampicin-based anti-tuberculosis treatment. Population 
pharmacokinetic modeling was used to characterize variabilities and covariates of efavirenz 
pharmacokinetic parameters. CYP2B6*6 genetic polymorphism but not rifampicin co-treatment was 
the statistically significant covariate. The estimated typical efavirenz clearance in the HIV only subjects 
with the CYP2B6*1/*1 genotype was 23.6 L/h/70 kg, while it was 38% and 69% lower in subjects with 
the CYP2B6*1/*6 and *6/*6 genotypes, respectively. Among subjects with the same CYP2B6 genotypes, 
efavirenz clearances were comparable between HIV and HIV/Tuberculosis subjects. Typical efavirenz 
clearances before and after completion of anti-tuberculosis therapy were comparable. In conclusion, 
after 16 weeks of treatment, efavirenz clearance is comparable between HIV and HIV/Tuberculosis 
patients with the same CYP2B6 genotype. CYP2B6 genotyping but not anti-tuberculosis co-treatment 
should guide efavirenz dosing to optimize treatment outcomes.

Efavirenz (EFV), a potent non-nucleoside reverse transcriptase inhibitor (NNRTI), is part of the first-line 
anti-retroviral combination therapies (cART) for HIV/AIDS in resource-limited countries. Tanzania is one of the 
resource-limited countries, greatly affected by the HIV epidemic with prevalence of 5% among adults aged 15–64 
years. The burden of tuberculosis (TB) in Tanzania is also rising particularly among people living with HIV; HIV/
TB co-infection accounted for 34% of the newly diagnosed cases of TB in 2016. Recent treatment guidelines 
recommend EFV containing ART as the default first-line regimens both in HIV-infected adults and children 
above 3 years of age1. It is also the default first-line ART regimen for HIV/TB co-treatment1–3. The levels of EFV 
plasma exposure have been related to HIV treatment outcomes. In a study by Marzolin et al., EFV levels below 
1 μg/mL were associated with virological failure while levels above 4 μg/ml were associated with neuropsychiatric 
symptoms4. Efavirenz exhibits prolonged autoinduction leading to sub-therapeutic plasma levels in some patients 
after long-term treatment5. Furthermore metabolic disorders including, maldistribution, hyperlipemia, glucose 
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intolerance and insulin resistance is recognized as long-term cART associated toxicities6. Hence long-term efa-
virenz pharmacokinetics may have implication on susceptibility to metabolic disorders including cardiovascular 
diseases.

The challenge to EFV based HIV treatment is the uncertainty of its adequate dosage due to inter-individual 
variation in the extent of its autoinduction and metabolism5,7–9. EFV is metabolized mainly by cytochrome P450 
2B6 (CYP2B6) and to a lesser extent by CYP2A6, CYP3A4 and uridine 5′-diphospho-glucuronosyltransferase 
(UGT) enzymes10. All the enzymes involved in efavirenz disposition are genetically polymorphic, with the 
frequencies of variant alleles varying not only among whites, Asians and blacks but also within sub-Saharan 
Africans11,12. For instance, the frequency of the CYP2B6*6 (c. 516 G > T) variant allele ranged from 8% in Finns 
to 50% in West Africans, while the frequency of UGT2B7*2 ranged from 47% in English and Scottish subjects 
to 80% in Nigerian Yoruba subjects11. We reported extensive genetic variations in CYP2B6, CYP3A5, CYP2A6, 
UGT2B7, ABCB1 and SLCO1B1 among black Africans and other populations13–15. The defective SLCO1B1*5 
(c.521 T > C) variant allele occurs at a higher frequency in Europeans (23%), and the frequency distribution 
varies greatly among black Africans (19% in Ethiopians versus 3.2% in Tanzanians)16,17. The CYP2A6*9 allele 
frequency ranges from 21.9% in Koreans to 10.4% in Ugandans to 2.8% in Ethiopians18,19. While CYP2B6*6 
occurs at a higher frequency in Tanzanians (42%) than in Ethiopians (31%), UGT2B7*2 occurs at a higher fre-
quency in Ethiopians (48%) than in Tanzanians (29%)13. Using 4β-hydroxycholesterol as an endogenous marker, 
higher CYP3A enzyme activity in Ethiopians16, but significantly lower enzyme activity in Tanzanians than in 
Swedes or Koreans has been reported20. These population pharmacogenetic differences confer inter-ethnic and 
inter-individual variations in enzyme expression, activity, and inducibility13,21,22. Efavirenz exhibits prolonged 
autoinduction of its own metabolism. The extent of induction is dependent on the CYP2B6 genotype, being high-
est in individuals with a wild-type genotype (faster metabolizers)5,7–9,21. This creates uncertainty regarding the 
therapeutic equivalence of equal efavirenz dosage across different individuals with different genotypes.

Rifampicin (RIF), which is the backbone of the anti-tuberculosis regimen, is a known promiscuous inducer of 
several EFV-metabolizing enzymes, with induction being genotype dependent and achieved faster than EFV-only 
induction23–25. This increases uncertainties about the therapeutic equivalence of efavirenz dosages in different 
individuals undergoing HIV/TB co-treatment. The anti-tuberculosis regimen containing rifampicin has been 
shown to increase efavirenz clearance in subjects with a wildtype CYP2B6 allele but decreases the clearance 
in those homozygous for defective variant alleles26. In one of our previous studies, we found that in subjects 
with wildtype CYP2B6 genotype, efavirenz steady-state concentrations were comparable between subjects on 
EFV-only and RIF/EFV co-treatment9. However, we have also reported that RIF/EFV co-treatment causes higher 
induction of the CYP3A enzyme compared to EFV alone7,21. Furthermore, inconsistency exists on the impact 
of RIF/EFV co-treatment on EFV exposure when short-term (4 weeks) EFV-RIF pharmacokinetic interaction 
studies are compared with long-term (≥12-week treatment) studies. Short-term studies have shown that RIF/
EFV co-treatment results into 20–30% lower EFV exposure compared to EFV-only treatment, while in contrast, 
long-term studies have shown comparable and even higher EFV exposures with co-treatment27–32. It is there-
fore uncertain whether the efavirenz dosage when taken concomitantly with rifampicin containing anti-TB is 
bioequivalent to when it is taken in an ART-only regimen. The overall impact of HIV/TB co-treatment on EFV 
pharmacokinetics needs to be further investigated.

Previously we have conducted large multinational prospective cohort studies investigating the relevance of 
pharmacogenetic variations for efavirenz plasma exposure and treatment outcome in different African popula-
tions including Tanzanians. We reported the association of CYP2B6*6 genotype with cART induced liver toxic-
ity in Ethiopians33,34 and Tanzanian patients35, and with neuropsychiatric toxicity in Ugandan19 and Tanzanian 
patients36, and with CD4 recovery among Ethiopian patients8. Investigation of long-term efavirenz pharmacoki-
netics with and without rifampicin co-treatment among Ethiopian subjects has indicated the independence of 
EFV pharmacokinetics on RIF/EFV co-treatment even after adjusting for CYP2B6 polymorphisms31. However, 
we reported previously that the pharmacogenetics and pharmacokinetics of EFV display significant differences 
between Ethiopians and Tanzanians13,16. Considering the impact of genetic and environmental factors on the 
metabolic activity of enzymes, it is important to study efavirenz pharmacokinetics in different populations.

We aimed to investigate the determinants of the efavirenz pharmacokinetic parameters after long-term 
ART with and without rifampicin co-treatment. In particular, we sought to assess the influence of RIF/EFV 
co-treatment, genetic polymorphisms in efavirenz-metabolizing enzymes, and demographic characteristics on 
EFV pharmacokinetics among Tanzanian HIV patients with or without tuberculosis co-infection.

Material and Methods
Study design and patient population. The study was designed to enrol stable HIV patients on EFV-
containing ART regimens who were undergoing HIV-only or HIV/TB co-treatment. Therefore, patients who 
were participating in a controlled observational study entitled “optimization of HIV/TB co-treatment in Africa” 
and who gave informed consent were recruited to participate in this study. The cohort description and the main 
clinical features of the study participants have been reported previously9. Briefly, it was a treatment, non-rand-
omized, open-label, active control, parallel assignment, and population steady-state pharmacokinetic and phar-
macogenetic study in which treatment-naive HIV and HIV/TB patients (with CD4+ T helper cell counts < 200/
mL) were recruited into arm 1 and arm 2, respectively. Arm 1 was initiated on an EFV-based ART regimen, 
while patients in arm 2 were first initiated on a 6-month RIF-based anti-TB regimen followed by initiation of 
EFV-based ART 4 weeks after anti-TB initiation. The oral ART regimen consisted of once daily 600 mg of EFV, 
twice daily 150 mg of Lamivudine (3TC) and either twice-daily doses of 300 mg of zidovudine (AZT), 30/40 mg 
of stavudine (D4T) or 300 of tenofovir (TDF). The anti-TB regimen consisted of oral daily doses of 10 mg/kg 
(maximum 600 mg) of RIF, 5 mg/kg (maximum 300 mg) of isoniazid, 25 mg/kg (maximum 1600 mg) of pyrazi-
namide, and 15 mg/kg (maximum 1100 mg) of ethambutol as recommended in the Tanzania Manual for the 
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Management of Tuberculosis and Leprosy37. Except for RIF and isoniazid none of the other co-administered 
drugs have known pharmacokinetic interaction with EFV. The study protocol received ethics approval from the 
Muhimbili University of Health and Allied Sciences and the Karolinska Institute ethical review committees.

In the current sub-study, subjects in arm 1 were recruited for intensive blood sampling at week 16 of EFV 
treatment. Subjects in arm 2 were recruited for intensive blood sampling during HIV/TB co-treatment on two 
occasions. Samples were first taken just before completion of the anti-TB therapy (at least week 20 of RIF and 
16 weeks of antiretroviral co-treatment ART). A second plasma sample was taken 8 weeks after completion of 
the anti-TB co-treatment (occasion 2, at least 32 weeks of RIF initiation). Considering a 20% within subject var-
iability in EFV AUC a sample size of 20 subjects was required to detect a 20% difference in efavirenz clearance 
between arm1 and arm2 at an 80% power and type 1 error rate of 5%38. However, more subjects were recruited in 
arm 2 such that at least 20 subjects could be available for the second PK sampling. The schematic representation 
of the timelines of treatment initiation and PK sampling for the two arms is shown in the Supplementary Material, 
Figure S1.

Genotype information during the 16th clinical week and demographic characteristics were obtained from the 
main study database. Methods for genomic DNA extraction and genotyping of CYP2B6*6, CYP3A5*3, *5 and *7, 
UGT2B7*2, ABCB1 c.3435 C > T, ABCB1 c.3842 A > G, and SLCO1B1*1b and *5 were as reported previously17,35.

Blood sampling and quantification of plasma efavirenz concentration. Subjects selected for this 
pharmacokinetic sub-study were admitted for 24 hours at Muhimbili National Hospital (MNH). Efavirenz is 
dosed once daily and is generally administered in the evening owing to its central nervous system side-effects. 
During study enrolment, subjects were instructed to take their daily doses of efavirenz between 20:00–21:00 pm 
local time if possible. On the day of admission subjects were administered EFV 600 mg at about 20:00 pm. The 
subjects stayed overnight for intensive PK sampling and were discharged on the evening of the next day. The 
subjects contributed blood samples from both arms at approximately 0, 1, 3, 6, 12, 16, and 24 hours after taking a 
600 mg EFV tablet orally. Blood samples were immediately centrifuged, and plasma was stored at −80 °C. Samples 
were shipped on dry ice to the Department of Clinical Pharmacology and Pharmacoepidemiology, University of 
Heidelberg, Germany. Liquid chromatography-tandem mass spectrometry (LC/MS/MS) was used for quantifica-
tion of plasma efavirenz as described previously5. Efavirenz-[13C] was used as an internal standard for efavirenz. 
The lower limit of quantification was 10.0 ng/mL, and the calibration range was between 10.0–10,000 ng/mL. 
Linear regression with 1/x weighing resulted in correlation coefficients of r2 = 0.99. The accuracy and precision 
(within-batch and batch-to-batch) of the assay fulfilled all the recommendations of the FDA guidelines.

Population pharmacokinetic analysis of efavirenz concentrations. NONMEM software (Version 
7.3; http://www.iconplc.com/innovation/nonmem/) was used for modelling. Perl-speaks-NONMEM (PsN, 
v 4.4.0; https://uupharmacometrics.github.io/PsN/) was used to operate NONMEM and R (version 3.3.1; 
www.r-project.org) for graphical inspection of the results. Efavirenz disposition kinetics were assessed by evalua-
tion of 1- and 2-compartment pharmacokinetic models. In both evaluations, the oral absorption of efavirenz was 
considered through first-order absorption kinetics with or without lag time to the absorption. Simultaneous zero- 
and first-order absorption kinetics were also tested. The models were parameterized in terms of oral clearance 
(CL/F), apparent volume of the central compartment (V/F), absorption rate constant (KA), inter-compartment 
clearance (Q/F, for 2 compartment model) and apparent peripheral volume of the distribution (VP/F, for 2 com-
partment model). Model fitting and estimation of the model parameters was done using the first-order condi-
tional estimation method with interaction.

Since the population distribution of biological parameters resembles a log-normal distribution, individual 
subject parameter values were modelled as the product of the typical value of a parameter and the exponent of the 
random effect (equation (1)).

= × ηP P e (1)i TV i

where η ω ω η∼ =N and variance of the random effects parameters(0, ) ( )i
2 2

Inter-occasion variability of CL/F was considered for arm 2 subjects to account for any unexplainable between 
occasion differences in CL/F; individual clearance at occasion jwas calculated as indicated in equation (2)

= × η κ+CL CL e (2)ij TV i ij

where κ ω ω κ∼ =N and variance of the random effects parameters(0, ) ( )ij
2 2 .

Model building followed these steps. First, structural models without any of the variance parameters were 
used to fit the data, and the variance parameters were added sequentially to build stochastic models. A better 
structural or stochastic model was chosen based on the decrease in the NONMEM computed objective functions 
(OFV) and the goodness-of-fit assessed graphically. For hierarchical stochastic models, a decrease of more than 
3.84 units in the OFVs was considered a statistically significant improvement to the model fit. Several models for 
unexplained (residual) variability in the observed efavirenz concentrations were tested, including additive, pro-
portional and combined (proportional + additive) residual error models. Covariate model building was done in 
three steps. The first step involved visual inspection of plots of random effect parameters (η ETA( )) versus covar-
iates (demographic, genotypes, clinical and laboratory characteristics). In this step, the CYP2B6*6 genotype was 
a predictor for CL/F both in arm 1 and arm 2 (ETA shrinkage for CL/F = 4.3%). CL/F versus the ABCB1 
c3842A > G plot indicated lower clearance for 2 subjects (in arm 2) with a homozygous genotype in the mutated 
alleles compared to all other subjects. The CL/F versus CYP3A5*1 plot indicated unexpected higher CL/F for 4 
subjects (in arm 1) with a homozygous genotype in the mutated alleles compared to all other subjects. CYP2B6*6 
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was also a predictor for V/F in both arms (ETA shrinkage for V/F = 15%). No covariate was a predictor for KA 
(ETA shrinkage for KA = 37%). Smoking status was a predictor (in arm 1), while sex (in arm 1) and the type of 
anti-retroviral combination (in arm 2) indicated some trend to predict Q/F (ETA shrinkage for Q/F = 29%). 
However, the observed relationships for V/F and Q/F have no physiological explanation and therefore were not 
included in the covariate modelling. In the second step, a generalized additive model (GAM) of the CL/F versus 
treatment arm, CYP2B6*6, CYP3A5*1, and ABCB1 c3842A > G was evaluated. In this model, only the CYP2B6 
genotype was a significant predictor of clearance. Therefore, because of the small number of subjects and the lack 
of statistical significance in the GAM analysis, CYP3A5*1 and ABCB1 c3842A > G were not included in the last 
step of covariate modelling. ETA shrinkages for the base model were relatively low and supported covariate model 
development using the identified parameter covariate relationship. Lastly, a full covariate model building 
approach was used to develop the final model. In this approach, all covariates reported in the literature to influ-
ence efavirenz exposure and with physiological explanation were included. The included covariates were 
CYP2B6*6, sex and treatment arm (EFV with or without rifampicin). This approach was taken to control for the 
possible confounding effect of the other covariates on the effect of HIV/TB co-treatment on efavirenz pharma-
cokinetics, as the distribution of the covariates was different between the treatment arms39. The influence of 
weight on efavirenz clearance was modelled using a previous reported allometric scaling power model, with the 
allometric exponent fixed to 0.7540. Sex was included as a covariate on clearance as identified in other previous 
efavirenz population PK literature41–43. The effect of HIV/TB co-treatment on efavirenz clearance was assessed by 
determining the percent differences between arm 1 (week 16) and arm 2 (week 20) and between arm 2 (week 32) 
and arm 2 (week 20). These comparisons were stratified by the CYP2B6*6 genotypes as indicated in equation (3):

Θ Θ θ θ θ

φ φ φ

= × × × × ×

× × × ×
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where the subscript notations 11, 12, and 13 represent arm 1 subjects with CYP2B6*1/*1, *1/*6 and *6/*6 
genotypes, respectively. The subscript notations 21_1, 21_2, and 21_3 represent arm 2 subjects at week 20 with 
CYP2B6*1/*1, *1/*6 and *6/*6 genotypes, respectively. Lastly, the 22_1, 22_2, and 22_3 notations represent arm 
2 subjects at week 32 with CYP2B6*1/*1, *1/*6 and *6/*6 genotypes, respectively. The superscript notations, B1, 
B2, and B3 represent CYP2B6 genotypes *1/*1, *1/*6 and *6/*6 and take the value of 1 for yes or 0 for no. The A2 
and O2 notations represent arm 2 and occasion 2 for subjects in arm 2, respectively, and take the value of 1 for yes 
or 0 for no. The Θ, θ, and ∅ notations represent the fraction of clearances between the compared subpopulations.

An alternative approach to explore the effect of HIV/TB co-treatment on efavirenz clearance could have been 
to use a model to account for the time-dependent increase or decrease in efavirenz clearance after subjects com-
pleted TB treatment (at week 20). However, this approach was not considered because subjects contributed sam-
ples at 2 occasions only (week 20 and week 32). This could have prevented identification of appropriate induction 
model and/or robust estimation of its parameters.

Due to a large proportion of missing CYP2B6*6 genotype data (19 of 56 subjects had no genotype informa-
tion), population mixture modelling (as implemented with NONMEM) was used to impute the missing geno-
type information (See NONMEM code in the Supplementary Material). A sensitivity analysis was performed to 
explore improvement in model fit after genotype imputation. In this sensitivity analysis, objective function value 
(OFV) of a model without imputation was compared to the final model in which missing CYP2B6 genotype data 
were imputed. The model with mixture modelling (to impute genotype data) had 10 units lower OFV (per one 
additional parameter) compared to the model without imputation, thus indicating improvement in the model fit 
(See Supplementary Material Table S1).

Evaluation of the adequacy of the final model to describe the data was done by assessing the goodness-of-fit 
(GOF), a visual predictive check (VPC) and 95% non-parametric bootstrap confidence intervals of the model 
parameters. The GOF was assessed graphically by evaluation of the agreement between the observed and pre-
dicted plasma concentrations, the range of individually weighted residuals (IWRES), and the uniformity distri-
bution of these residuals about zero across the range of the predicted concentrations and time after dose. Epsilon 
shrinkages for the base (EPS shrinkage = 12%) and final model (Supplementary Table S2) were relatively low and 
supported the adequacy of the diagnostic GOF plots for model evaluation. Visual predictive check was performed 
by overlaying the observed concentration time profiles over the simulated profiles. The final model was consid-
ered adequate if the 5th, median and 95th percentile of the observed data were contained within the 95% confi-
dence interval bands of the 5th, 50th and 95th percentile of the simulated data. The confidence intervals were the 
2.5th −97.5th percentiles of the parameters estimated by fitting the final model to 200 datasets bootstrapped from 
the original dataset. Non-parametric bootstrap sampling was stratified on the treatment arms and the CYP2B6*6 
genotype. The non-parametric bootstrap confidence intervals were obtained after correction for bias and skew-
ness of the bootstrapped parameters using the bias correction and acceleration method44.

Results
Subjects characteristics. Most subjects were mid-age with a median (IQR) age of 42 years36–50 and median 
(IQR) weight of 48 kilograms43–60. At the time of PK sampling (Week 16), the study participants between the two 
arms had differences in age, weight, Karnofsky score, types of combination ART and sex distribution (Table 1). 
Before of the initiation of anti-TB or ART the study participants between the two arms were different in the prev-
alence of syphilis infection, smoking and alcohol use status, immunological status (CD4), and serum creatinine 
and albumin levels (Table 1). Albumin and creatinine concentrations were not assessed at week 16, 20 and 32.
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Characteristic Level Arm 1 (N = 20) Arm 2 (N = 36) p-value

SEX (%)
Female 15 (75.0) 13 (36.1)

0.012
Male 5 (25.0) 23 (63.9)

CYP2B6 c.516 G > T(*6) (%)

CYP2B6*1/*1 7 (35.0) 11 (30.6)

0.292
CYP2B6*1/*6 7 (35.0) 6 (16.7)
CYP2B6*6/*6 2 (10.0) 4 (11.1)
Missing 4 (20.0) 15 (41.7)

ABCB1 c.3435 C > T (%)

CC 8 (40.0) 17 (47.2)

0.009
CT 8 (40.0) 2 (5.6)
TT 0 (0.0) 2 (5.6)
Missing 4 (20.0) 15 (41.7)

ABCB1 c.3842 A > G (%)

AA 10 (50.0) 7 (19.4)

0.076
AG 6 (30.0) 12 (33.3)
GG 0 (0.0) 2 (5.6)
Missing 4 (20.0) 15 (41.7)

¥Number of CYP3A5*1 allele (%)

*1/*1 5 (25.0) 9 (25.0)

0.351
*1/*0 7 (35.0) 8 (22.2)
*0/*0 4 (20.0) 4 (11.1)
Missing 4 (20.0) 15 (41.7)

UGT2B7*2 g. 372 G > A (%)

AA 0 (0.0) 3 (8.3)

0.088
AG 6 (30.0) 10 (27.8)
GG 10 (50.0) 8 (22.2)
Missing 4 (20.0) 15 (41.7)

‡SLCO1B1*1b and *5 (%)

*1a/*1b 3 (15.0) 2 (5.6)

0.169
*1b/*15 3 (15.0) 1 (2.8)
*1b/*1b 9 (45.0) 18 (50.0)
Missing 5 (25.0) 15 (41.7)

Type of combination ART (%)
D4T/3TC/EFAVIRENZ 2 (10.0) 20 (55.6)

0.004TNF/EMT/EFAVIRENZ 1 (5.0) 1 (2.8)
AZT/3TC/EFAVIRENZ 17 (85.0) 15 (41.7)

Smoking status (%)
Used to smoke 1 (5.0) 13 (36.1)

0.024
Never smoked 19 (95.0) 23 (63.9)

Alcohol use status (%)
Take alcohol 11 (55.0) 4 (11.1)

0.001
Never take alcohol 9 (45.0) 32 (88.9)

Shingles virus infection status (%)
Suffered Shingles 3 (15.0) 3 (8.3)

0.747
Never had Shingles 17 (85.0) 33 (91.7)

Hepatitis B infection status (%)
Never had HBV 18 (90.0) 35 (97.2)

0.596
Suffered HBV 2 (10.0) 1 (2.8)

Syphilis infection status (%)
Never had Syphilis 15 (75.0) 35 (97.2)

0.034
Had Syphilis 5 (25.0) 1 (2.8)

Karnofsky score (%)

70 8 (40.0) 1 (2.8)

0.001
80 1 (5.0) 8 (22.2)
90 1 (5.0) 9 (25.0)
100 10 (50.0) 18 (50.0)

AIDS stage (%)

1 1 (5.0) 6 (16.7)

0.060
2 15 (75.0) 14 (38.9)
3 4 (20.0) 13 (36.1)
4 0 (0.0) 3 (8.3)

Weight status (%)
Underweight 11 (55.0) 10 (27.8)

0.120Normal weight 7 (35.0) 22 (61.1)
Obese 2 (10.0) 4 (11.1)

Weight (kg, mean (sd)) 45.50 (13.15) 55.14 (13.45) 0.012
Age (years, mean (sd)) 45.84 (8.56) 39.77 (9.63) 0.022
Height (cm, mean (sd)) 163.55 (7.08) 163.78 (7.81) 0.914
₤Baseline absolute CD4 count (unit, mean (sd)) 68.25 (36.62) 105.97 (77.08) 0.045
₤Baseline serum creatinine concentration (mmol/L, mean (sd)) 78.40 (11.46) 67.27 (24.01) 0.057
₤Baseline plasma albumin concentration (g/dL, mean (sd)) 41.85 (4.87) 30.29 (4.63) <0.001

Table 1. Subject characteristics observed at week 16 (for Arm 1) and week 20 (for Arm 2). Abbreviations: 
D4T = Stavudine, 3TC = Lamivudine, TNF = Tenofovir, EMT = Emtricitabine, AZT = Zidovudine. 
AIDS = Acquired Immuno-Deficiency Syndrome. HBV = Hepatitis B virus infection. ART = Antiretroviral 
therapy. ¥CYP3A5*1 represent functional wild type allele while *0 represent non-functional alleles which 
include *3, *5 and *7. ‡SLCO1B1*1b represent SNP rs2306283 (SLCO1B1.c388A > G) and SLCO1B1*5 
represent SNP rs4149056 (SLCO1B1.c521T > C); Combination of the two SNPs form the following haplotypes: 
AT (*1a), AC (*5), GT (*1b), and GC (*15). ₤The baseline values were obtained before initiation of treatment.
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Population PK model parameters. The population-based pharmacokinetic analysis included all 556 efa-
virenz concentrations from 56 subjects. Figure 1 displays the concentration versus time profiles for efavirenz 
stratified by treatment arms, occasions and CYP2B6*6 genotypes. No concentrations were below the limit of 
quantification. Efavirenz pharmacokinetics was adequately described by a 2-compartment pharmacokinetic 
model, with first-order oral absorption kinetics, and without absorption lag (Supplementary Figure S2). A com-
bined additive and proportional residual error model adequately described the unexplained variability in the 
concentration. The estimated population PK parameter values are as reported in Table 2. The table also reports 
the medians and 95% confidence intervals (computed by non-parametric bootstrap) which indicate a good pre-
cision the parameter estimates. Table 2 does not report the asymptotic relative standard errors (which assume 
asymptotic normality) because they were inestimable probably due to the small sample size45. For a typical sub-
ject in arm 1 with a CYP2B6*1/*1 genotype and weight of 70 kg, the estimated efavirenz clearance was 23.6 L/h. 
The estimated structural model parameter values for KA, V/F, Q/F and VP/F are 0.37 h−1, 314 L, 68, and 947 L, 
respectively, for a typical subject with a weight of 70 kg. Figure 2 shows the adequacy of the model fit through the 
goodness-of-fit plots. Figure 3 shows a good agreement between the model predictions and the observed data, 
indicating that the model can adequately be used to simulate steady-state efavirenz concentrations.

Population Mixture model for missing CYP2B6*6 genotype data. The mixture model estimated 
78% and 22% of the subjects with missing genotype data to be the CYP2B6*1/*1 genotype. Consequently, the 
model identified 2 and 13 subjects among those with missing genotype data to be of the CYP2B6*1/*1 genotype 
in arm 1 and arm 2, respectively. The model also identified two subjects in arm 1 and two subjects in arm 2 to be 
of CYP2B6*6/*6 genotype.

Influence of the covariates on the PK parameters. The CYP2B6*6 genotype was the only significant 
covariate of efavirenz clearance. Subjects with CYP2B6*1/*6 and CYP2B6*6/*6 in arm 1 had approximately 38% 
and 69% percent lower clearance, respectively, than their typical counterparts with the CYP2B6*1/*1 genotype. 
During anti-TB co-treatment, subjects in arm 2 had comparable efavirenz clearances as subjects in arm 1, irre-
spective of the CYP2B6*6 genotype status. For example, although typical clearance for arm 2 subjects with the 
CYP2B6*1/*1 genotype was 10% lower than that of subjects with a similar genotype in arm 1, this difference was 
not statistically significant. Similarly, although subjects with CYP2B6*1/*6 genotype in arm 2 had 15% lower 
clearance compared to subjects with a similar genotype in arm 1, the difference was not statistically significant.

After completion of anti-TB co-treatment, there was no statistically significant change in efavirenz clearance 
even eight weeks after stopping anti-TB therapy. For example, although efavirenz clearance increased by 19% in 
arm 2-CYP2B6*1/*1 genotype patients compared to clearance with co-treatment, this increase was not statisti-
cally significant. Similarly, efavirenz clearance increased insignificantly, by 5%, after co-treatment for subjects 
with CYP2B6*1/*6.

Sex had no impact on efavirenz clearance, as male subjects had comparable clearance (approximately 1.02 
folds) to females.

Discussion
The main finding of this study is that after 16 weeks of efavirenz treatment, clearance in subjects undergoing HIV 
treatment is comparable to that in patients undergoing anti-TB co-treatment. This finding supports the hypothe-
sis that after long-term efavirenz treatment, the magnitude of autoinduction of metabolism and cellular transport 
is comparable to that due to efavirenz/rifampicin co-treatment. This hypothesis is also supported by several other 
studies, which compared efavirenz pharmacokinetics after at least 12 weeks of treatment when taken with or with-
out rifampicin-based tuberculosis co-treatment. A study with similar design and comparable sample size as this 
study (twin study), but in Ethiopian subjects, had similar findings31. Similarly, Ramachandran et al. found com-
parable efavirenz pharmacokinetics with and without anti-TB co-treatment in a study that assessed efavirenz PK 
after a mean treatment duration of 18 weeks among HIV-infected subjects only46. In a study among Zimbabwean 
subjects, efavirenz PK was assessed after a mean duration of 6 months among subjects receiving HIV treatment 
and anti-TB co-treatment. The findings of this study indicated comparable efavirenz PK in both groups43. A study 
among South African subjects that assessed efavirenz PK after at least 14 weeks of treatment in HIV-infected sub-
jects also found comparable efavirenz PK47. In a parallel comparative study where plasma EFV concentration was 
monitored up to 8 months, Mukonzo et al. reported that rifampicin-based anti-TB co-treatment reduces efavirenz 
plasma exposure during early therapy (2 weeks) but has no significant long-term effect in Ugandan patients48.

Compared with single dose EFV clearance reported elsewhere, the estimated clearance in this study is consid-
erably higher and this is consistent with EFV autoinduction properties. For subjects with CYP2B6*1*1 genotype, 
single dose EFV clearance have been reported to range between 4–7.5 L/h49–51 while after multiple dosing EFV 
clearance is reported to range between 9.4–15.5 L/h26,31,52–54 (Estimates obtained without normalizing clearance 
by body weight). Upon normalizing EFV clearance by body weight Matteeli et al. reported EFV clearance of 
18.2 L/h55 for a 70 kg person which is comparable to the value estimated in this study of 23 L/h for a 70 kg person.

To our knowledge, no long-term efavirenz treatment study has reported lower efavirenz exposure (indicat-
ing higher clearance or low bioavailability) among subjects on anti-TB co-treatment compared to subjects on 
efavirenz without rifampicin co-treatment. In contrast, several studies have reported higher exposure during 
anti-TB co-treatment than during efavirenz-only treatment20,21,37–40. The practical implication of this finding is 
that rifampicin co-treatment should not be a criterion for efavirenz dose adjustment among subjects undergoing 
anti-TB co-treatment. However, on the other hand, efavirenz exposure among subjects on long-term efavirenz 
treatment (after at least 16 weeks) should be evaluated to identify and appropriately manage subjects with levels 
below the therapeutic range and therefore increased the risk of virological failure.
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Our study also finds that after completion of anti-TB co-treatment, efavirenz clearance does not significantly 
increase among subjects with functional and dysfunctional CYP2B6 enzymes. Although the increase in this 
study is not significant, our finding supports several other previous reports that have reported comparable or 
significantly lower efavirenz exposure or higher efavirenz clearance after completion of anti-TB co-treatment 
compared to during anti-TB co-treatment. In a twin study among Ethiopian subjects, the measures of efavirenz 
exposures (AUC0–24, Cmax, and Cmin) were comparable during and after completion of efavirenz co-treatment31. 
Similarly, a study among Tanzanian subjects by Semvua et al. found comparable exposures32. However, a study 
by Uttayamakul et al. reported significantly lower mid-dose efavirenz concentration and a study by Gengiah et al. 
reported higher efavirenz clearance after completion of anti-TB co-treatment30,57. Taken together, these findings 
indicate that efavirenz clearance may or may not increase after completion of rifampicin treatment. The likely 
explanation for this observation comes from the involvement of the N-acetyl transferase-2 (NAT2) enzyme in 
modifying efavirenz drug-drug interactions. The NAT2 enzyme metabolizes isoniazid, an anti-tuberculosis drug 
co-administered with rifampicin for the six months of tuberculosis treatment. NAT2 genetic variation results in 3 
sub-population of isoniazid acetylators: rapid, intermediate, and slow acetylators, with relatively low, intermediate 
and high isoniazid exposure, respectively. Isoniazid inhibits CYP2A6, a liver enzyme responsible for approxi-
mately 23% of efavirenz metabolism59. Therefore, the NAT2 polymorphism may cause differential inhibition of 
the CYP2A6 enzyme by isoniazid and hence the inter-individual variation in the effect of anti-TB co-treatment 
on efavirenz PK. As a result, depending on CYP2B6 genotype status, the completion of anti-TB co-treatment 
among rapid acetylators (with relatively low isoniazid exposure and therefore less inhibition) may be associated 
with non-significant changes or decreases in efavirenz clearance (as result of alleviation of RIF induction). In 
contrast, for slow acetylators, the completion of anti-TB co-treatment may be associated with an increase in efa-
virenz clearance (as a result of alleviation of isoniazid inhibition). This influence of NAT2 polymorphism on the 
change of efavirenz clearance after completion of anti-TB co-treatment has been reported previously26,60. In the 
study by Bertrand et al., efavirenz clearance decreased by 24% after completion of anti-TB co-treatment among 
rapid acetylator subjects with the CYP2B6*1/*1 genotype, but increased by 11.6%, 33% and 19% among slow 
acetylators with CYP2B6*1/*1, *1/*6 and *6/*6 genotype, respectively. Unfortunately, direct comparisons of the 
clearances before and after completion of co-treatment were not reported, and therefore it is difficult to comment 
on the statistical significance of the change26.

Our analysis identified the CYP2B6*6 genotype to be a major determinant of the magnitude of efavirenz 
clearance. Subjects without the mutation (homozygous wild type) had the highest typical efavirenz clearance 
followed by subjects with one mutation (heterozygous), while subjects with double mutations (homozygous 
mutated) had the least clearance. This finding was expected, as many previous studies have identified CYP2B6 as 
the main efavirenz metabolizing enzyme and non-synonymous mutations, particularly CYP2B6*6 c.516 G > T, 
result in a protein with dysfunctional enzyme activity61,62. Our findings of approximately 40% and 70% reduc-
tion of efavirenz clearance in subjects with CYP2B6*1/*6 and *6/*6 genotypes, respectively, are comparable to 
the relative difference in efavirenz clearance values reported by Bertrand et al. among subjects receiving HIV 

Figure 1. Observed efavirenz concentration vs time profiles for different CYP2B6 genotypes at week 16 of EFV 
treatment in arm 1 and arm 2 and at week 32 (8 weeks after stopping co-treatment) in arm 2. The lines and 
error bars represent medians and 25th to 75th percentiles of the observed concentrations. The grey points are the 
observed concentrations for subjects with missing genotype data.
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treatment alone26. Similar reductions in efavirenz clearance by CYP2B6*6 genotypes have been reported by Hui 
et al.52. However, other magnitudes of reductions have been reported in other studies. Cabrera et al. reported 50% 
and 75% reductions (under steady-state conditions) in HIV subjects with CYP2B6*1/*6 and *6/*6 genotypes, 
respectively, while Robarge et al. reported 25% and 51% reductions among healthy subjects with CYP2B6*1/*6 
and *6/*6 genotypes, respectively, in a single-dose efavirenz pharmacokinetic-pharmacogenetic study49,53. 
Similarly, in a single-dose pharmacokinetic study among healthy volunteers, Mukonzo et al. reported only a 21% 
reduction in clearance among subjects with the CYP2B6*6/*6 genotype but reported 20% and 55% reductions 
in CYP2B6*1/*6 and *6/*6 genotypes, respectively, among HIV-infected subjects who completed at least 14 
days of efavirenz treatment14,50. Taken together, these findings imply that the CYP2B6*6 genotype is important 
for planning genotype-based dosing of efavirenz; however, estimation of efavirenz doses for the different geno-
types should consider their relative influences on efavirenz pharmacokinetics after long-term treatment. Similar 
CYP2B6 genotype-based efavirenz dose recommendations regardless of rifampicin-based anti-tuberculosis 
co-treatment for sub-Saharan Africa population have been published recently14,63.

In our analysis, sex was not an important covariate for efavirenz PK. However, sex has been identified by pre-
vious studies as an important covariate for efavirenz clearance. Studies by Nyakutira et al. and Nemaura et al. indi-
cated higher efavirenz clearance in males than females31,32, while a study by Dhoro et al. indicated the opposite43. 
Lamba et al. indicated higher CYP2B6 transcription and expression in hepatocytes obtained from human livers 
of females compared to male organ donors64. Therefore, to control for the possible confounding effect of sex in 
this analysis, a full covariate model building approach was taken, and we included sex as a covariate of clearance.

In this analysis, we did not control for week 16 albumin levels. Several studies have shown lower than normal 
albumin levels during chronic infection. Kuteesa et al. reported lower albumin levels in HIV/TB co-infected 
subjects than in HIV-only subjects before antiretroviral treatment (ART). However, after treatment, the albumin 

Parameters Description Estimates

Bootstrap 
Median 
(95%CI)

Between 
Subject 
Variance

Bootstrap Median 
of Between Subject 
Variance (95%CI)

BSV 
(CV%)

Between 
Occasion 
Variance

Bootstrap 
Median of 
Between Subject 
Variance (95%CI)

CL11
Typical clearance for CYP2B6*1/*1 in arm 
1 (L/h) 23.4 23.7 

(18–26.4) 0.104 0.096 (0.025–0.233) 33 0.0934925 0.0633 (0.0555–
0.239)

V Volume of distribution for central 
compartment (L) 209 198 

(106–325) 0.91 0.954 (0.515–1.98) 122

KA Absorption rate constant (1/h) 0.344 0.318 (0.172–
0.545) 0.412 0.331 (4.12e-

05–0.929) 71.4

Q Intercompartmental clearance (L/h) 59.2 51.9 
(37.1–104) 0.556 0.492 (5.56e-

05–1.45) 86.3

VP Volume of distribution for peripheral 
compartment (L) 912 1288 (486–

81570766) 0a 0a 0a

ADD Additive residual error (µg/L) 0.0873
0.0489 
(0.000873–
0.221)

PROP Proportional residual error 0.242 0.238 (0.207–
0.292)

Θ12
Fraction of typical clearance for 
CYP2B6*1/*6 in arm 1 0.618 0.63 (0.396–

0.899)

Θ13
Fraction of typical clearance for 
CYP2B6*6/*6 in arm 1 0.311 0.295 (0.273–

0.591)

θ211

Fraction of clearance between arm 1 
and arm 2 for CYP2B6*1/*1 during co-
treatment

0.915 0.926 
(0.759–1.11)

θ212

Fraction of clearance between arm 1 
and arm 2 for CYP2B6*1/*6 during co-
treatment

0.852 0.839 
(0.48–1.6)

θ213

Fraction of clearance between arm 1 
and arm 2 for CYP2B6*1/*6 during co-
treatment

1.02 1.02 (0.694–
1.68)

φ221

Fraction of clearance between arm 1 and 
arm 2 for CYP2B6*1/*1 after co-treatment 1.19 1.15 (1–1.47)

φ222

Fraction of clearance between arm 1 and 
arm 2 for CYP2B6*1/*6 after co-treatment 1.19 1.2 (0.86–

1.55)

φ223

Fraction of clearance between arm 1 and 
arm 2 for CYP2B6*1/*6 after co-treatment 1.05 1.05 

(0.877–1.3)

π⁎ ⁎1/ 1
Estimated proportion of CYP2B6*1/*1 
among subjects with missing genotype 0.784 0.787 (0.561–

0.967)

δ⁎ ⁎1/ 6
Estimated proportion of CYP2B6*1/*6 
among subjects with missing genotype 0a 0a

θSEX
Fraction of CL for male compared to 
female subjects 1.02 1.02(0.859–

1.28)

Table 2. Parameter estimates of the final population PK model. aFixed to this value, not estimated. 
BSV = Between-subject variability (CV %).
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level increased, and the steady state rate of albumin production in both arms was comparable65. Based on these 
previous findings, albumin levels were not expected to differ between HIV-only and HIV-TB patients after 16 
weeks of ART. Therefore, we did not consider the need to control for albumin levels in this analysis.

Figure 2.  A goodness-of-fit plots for the final model. PRED = predicted population typical concentration, 
IPRED = predicted individual concentration, IWRES = Individual weighted residuals. Epsilon shrinkage was 
11% and eta shrinkages were 11%, 12%, 39%, and 31 for between-subject variance of CL/F, V/F, KA, and Q/F. 
Eta shrinkage for between occasion variance of CL/F was at week 16 and 32 were 11% and 16 respectively.

Figure 3.  A visual predictive check of efavirenz concentration vs time profiles for arm 1 and arm 2 (Week 20 and 
32). The open circles represent observed values, the solid line represents the median of the observed data, and the 
lower and upper dashed lines represent the 5th and 95th percentiles of the observed data. The red shaded area 
represents the 95% confidence interval of the medians of model prediction, while the lower and upper blue shaded 
areas represent the 95% confidence interval of the 5th and 95th percentiles of the model predictions.
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One of the limitations of our study was that the two treatment arms were not comparable in demographic, 
social and baseline clinical characteristics. This is because assignment to the treatment arms was by disease status 
(HIV versus HIV/TB coinfection) and matching of subjects by characteristics was not possible for ethical reasons. 
However, we tried to attenuate the effects of confounders by including all the reported covariates of efavirenz PK 
into the final efavirenz PK covariate model. Sex and weight were the only previously identified covariates whose 
data were available during the analysis. Therefore, efavirenz clearance was allometrically scaled by weight and sex 
and was included as a covariate of clearance. Another limitation was that genotype information was missing for 
approximately 35% of the recruited subjects. This limitation was controlled by using population mixture mode-
ling to impute the genotype data based on the measured efavirenz concentration. Compared to sub-population 
1 of the mixture model, ETA shrinkage for subpopulation 3 was high (Supplementary Table 2), reflecting a small 
deviation of individual parameters from the typical parameter value of the sub-population. This is expected 
because of the small number of subjects in this subpopulation. None of the subjects with missing CYP2B6*6 
genotype data were identified in subpopulation 2, and therefore ETA shrinkage for this subpopulation was 100%.

In conclusion, CYP2B6*6 genetic polymorphism, but not rifampicin co-treatment, should be considered 
when adjusting for efavirenz dosage during both ART and anti-TB co-treatment. Furthermore, for planning 
CYP2B6 genotype-based dosing of efavirenz, the impact of the polymorphism on efavirenz exposure should be 
assessed after at least 16 weeks of efavirenz treatment to achieve complete autoinduction. However, considering 
the inter-individual variations in the effect of anti-TB co-treatment on efavirenz PK (rifampicin induction and 
isoniazid inhibition), it might be advisable to use therapeutic drug monitoring to initially adjust EFV doses.

Data Availability
The dataset analysed during the current study are available from the corresponding author on reasonable request.

References
 1. World Health Organization. Consolidated guidelines on the use of antiretroviral drugs for treating and preventing HIV infection: 

recommendations for a public health approach (2016).
 2. Pozniak, A. et al. British HIV Association guidelines for the treatment of TB/HIV coinfection 2011: British HIV Association 

guidelines for the treatment of TB/HIV coinfection 2011. HIV Med. 12, 517–524 (2011).
 3. Manosuthi, W., Wiboonchutikul, S. & Sungkanuparph, S. Integrated therapy for HIV and tuberculosis. AIDS Res. Ther. 13 (2016).
 4. Marzolini, C. et al. Concise Communication: Efavirenz plasma levels can predict treatment failure and central nervous system side 

effects in HIV-1-infected patients. 15, 5 (2001).
 5. Ngaimisi, E. et al. Long-Term Efavirenz Autoinduction and Its Effect on Plasma Exposure in HIV Patients. Clin. Pharmacol. Ther. 

88, 676–684 (2010).
 6. Chawla, A. et al. A Review of Long-Term Toxicity of Antiretroviral Treatment Regimens and Implications for an Aging Population. 

Infect. Dis. Ther. 7, 183–195 (2018).
 7. Habtewold, A. et al. Pharmacogenetic and pharmacokinetic aspects of CYP3A induction by efavirenz in HIV patients. 

Pharmacogenomics J. 13, 484–489 (2013).
 8. Habtewold, A. et al. Long-term effect of efavirenz autoinduction on plasma/peripheral blood mononuclear cell drug exposure and 

CD4 count is influenced by UGT2B7 and CYP2B6 genotypes among HIV patients. J. Antimicrob. Chemother. 66, 2350–2361 (2011).
 9. Ngaimisi, E. et al. Effect of Rifampicin and CYP2B6 Genotype on Long-Term Efavirenz Autoinduction and Plasma Exposure in HIV 

Patients With or Without Tuberculosis. Clin. Pharmacol. Ther. 90, 406–413 (2011).
 10. McDonagh, E. M., Lau, J. L., Alvarellos, M. L., Altman, R. B. & Klein, T. E. PharmGKB summary: Efavirenz pathway, 

pharmacokinetics. Pharmacogenet. Genomics 25, 363–376 (2015).
 11. Li, J. et al. Worldwide variation in human drug-metabolism enzyme genes CYP2B6 and UGT2B7: implications for HIV/AIDS 

treatment. Pharmacogenomics 13, 555–570 (2012).
 12. Zhou, Y., Ingelman-Sundberg, M. & Lauschke, V. Worldwide Distribution of Cytochrome P450 Alleles: A Meta-analysis of 

Population-scale Sequencing Projects. Clin. Pharmacol. Ther. 102, 688–700 (2017).
 13. Ngaimisi, E. et al. Importance of Ethnicity, CYP2B6 and ABCB1 Genotype for Efavirenz Pharmacokinetics and Treatment 

Outcomes: A Parallel-Group Prospective Cohort Study in Two Sub-Saharan Africa Populations. PLoS ONE 8, e67946 (2013).
 14. Mukonzo, J. K. et al. Pharmacogenetic-Based Efavirenz Dose Modification: Suggestions for an African Population and the Different 

CYP2B6 Genotypes. PLoS ONE 9, e86919 (2014).
 15. Gebeyehu, E. et al. Sex and CYP3A5 genotype influence total CYP3A activity: high CYP3A activity and a unique distribution of 

CYP3A5 variant alleles in Ethiopians. Pharmacogenomics J. 11, 130–137 (2011).
 16. Aklillu, E. et al. SLCO1B1 Gene Variations Among Tanzanians, Ethiopians, and Europeans: Relevance for African and Worldwide 

Precision Medicine. Omics J. Integr. Biol. 20, 538–545 (2016).
 17. Aklillu, E. et al. Frequency of the SLCO1B1 388A > G and the 521T > C polymorphism in Tanzania genotyped by a new 

LightCycler®-based method. Eur. J. Clin. Pharmacol. 67, 1139–1145 (2011).
 18. Aklillu, E. et al. High CYP2A6 Enzyme Activity as Measured by a Caffeine Test and Unique Distribution of CYP2A6 Variant Alleles 

in Ethiopian Population. OMICS J. Integr. Biol. 18, 446–453 (2014).
 19. Mukonzo, J. K. et al. Influence of efavirenz pharmacokinetics and pharmacogenetics on neuropsychological disorders in Ugandan 

HIV-positive patients with or without tuberculosis: a prospective cohort study. BMC Infect. Dis. 13 (2013).
 20. Diczfalusy, U. et al. 4Beta-hydroxycholesterol is a new endogenous CYP3A marker: relationship to CYP3A5 genotype, quinine 

3-hydroxylation and sex in Koreans, Swedes and Tanzanians. Pharmacogenet. Genomics 18, 201–208 (2008).
 21. Ngaimisi, E. et al. Pharmacokinetic and pharmacogenomic modelling of the CYP3A activity marker 4 -hydroxycholesterol during 

efavirenz treatment and efavirenz/rifampicin co-treatment. J. Antimicrob. Chemother. 69, 3311–3319 (2014).
 22. Zhou, S.-F., Liu, J.-P. & Chowbay, B. Polymorphism of human cytochrome P450 enzymes and its clinical impact. Drug Metab. Rev. 

41, 89–295 (2009).
 23. Chen, J. & Raymond, K. Roles of rifampicin in drug-drug interactions: underlying molecular mechanisms involving the nuclear 

pregnane X receptor. Ann. Clin. Microbiol. Antimicrob. 5, 3 (2006).
 24. Tolson, A. H. & Wang, H. Regulation of drug-metabolizing enzymes by xenobiotic receptors: PXR and CAR. Adv. Drug Deliv. Rev. 

62, 1238–1249 (2010).
 25. Cho, D.-Y. et al. Rifampin enhances cytochrome P450 (CYP) 2B6-mediated efavirenz 8-hydroxylation in healthy volunteers. Drug 

Metab. Pharmacokinet. 31, 107–116 (2016).
 26. Bertrand, J. et al. Dependence of Efavirenz- and Rifampicin-Isoniazid-Based Antituberculosis Treatment Drug-Drug Interaction on 

CYP2B6 and NAT2 Genetic Polymorphisms: ANRS 12154 Study in Cambodia. J. Infect. Dis. 209, 399–408 (2014).



www.nature.com/scientificreports/

1 1SCIENTIfIC REpoRTs |         (2018) 8:16316  | DOI:10.1038/s41598-018-34674-3

 27. López-Cortés, L. F. et al. Pharmacokinetic interactions between efavirenz and rifampicin in HIV-infected patients with tuberculosis. 
Clin. Pharmacokinet. 41, 681–690 (2002).

 28. Kwara, A., Lartey, M., Sagoe, K. W. & Court, M. H. Paradoxically elevated efavirenz concentrations in HIV/tuberculosis-coinfected 
patients with CYP2B6 516TT genotype on rifampin-containing antituberculous therapy. AIDS Lond. Engl. 25, 388–390 (2011).

 29. Kwara, A., Lartey, M., Sagoe, K. W., Kenu, E. & Court, M. H. CYP2B6, CYP2A6 and UGT2B7 genetic polymorphisms are predictors 
of efavirenz mid-dose concentration in HIV-infected patients: AIDS 23, 2101–2106 (2009).

 30. Gengiah, T. N. et al. The influence of tuberculosis treatment on efavirenz clearance in patients co-infected with HIV and 
tuberculosis. Eur. J. Clin. Pharmacol. 68, 689–695 (2012).

 31. Habtewold, A. et al. Long-Term Effect of Rifampicin-Based Anti-TB Regimen Coadministration on the Pharmacokinetic 
Parameters of Efavirenz and 8-Hydroxy-Efavirenz in Ethiopian Patients. J. Clin. Pharmacol. 56, 1538–1549 (2016).

 32. Semvua, H. H. et al. Efavirenz, tenofovir and emtricitabine combined with first line tuberculosis treatment in TB–HIV-coinfected 
Tanzania patients: a pharmacokinetic and safety study. Antivir. Ther. 18, 105–113 (2012).

 33. Yimer, G. et al. High plasma efavirenz level and CYP2B6*6 are associated with efavirenz-based HAART-induced liver injury in the 
treatment of naïve HIV patients from Ethiopia: a prospective cohort study. Pharmacogenomics J. 12, 499–506 (2012).

 34. Yimer, G. et al. Pharmacogenetic & Pharmacokinetic Biomarker for Efavirenz Based ARV and Rifampicin Based Anti-TB Drug 
Induced Liver Injury in TB-HIV Infected Patients. PLoS ONE 6, e27810 (2011).

 35. Mugusi, S. et al. Liver enzyme abnormalities and associated risk factors in HIV patients on efavirenz-based HAART with or without 
tuberculosis co-infection in Tanzania. PloS One 7, e40180 (2012).

 36. Mugusi, S. et al. Neuropsychiatric manifestations among HIV-1 infected African patients receiving efavirenz-based cART with or 
without tuberculosis treatment containing rifampicin. Eur. J. Clin. Pharmacol., https://doi.org/10.1007/s00228-018-2499-0 (2018).

 37. United Republic of Tanzania, MoHSW, NTLP. Resources - National Tuberculosis & Leprosy Programme., Available at: http://ntlp.
go.tz/resources/. (Accessed: 30th January 2018).

 38. Kang, D., Schwartz, J. B. & Verotta, D. Sample Size Computations for PK/PD Population Models. J. Pharmacokinet. Pharmacodyn. 
32, 685–701 (2005).

 39. Pourhoseingholi, M. A., Baghestani, A. R. & Vahedi, M. How to control confounding effects by statistical analysis. Gastroenterol. 
Hepatol. Bed Bench 5, 79–83 (2012).

 40. Holford, N., Heo, Y.-A. & Anderson, B. A Pharmacokinetic Standard for Babies and Adults. J. Pharm. Sci. 102, 2941–2952 (2013).
 41. Nyakutira, C. et al. High prevalence of the CYP2B6 516G → T(*6) variant and effect on the population pharmacokinetics of 

efavirenz in HIV/AIDS outpatients in Zimbabwe. Eur. J. Clin. Pharmacol. 64, 357–365 (2008).
 42. Tafireyi N. Impact of gender, weight and CYP2B6 genotype on efavirenz exposure in patients on HIV/AIDS and TB treatment: 

Implications for individualising therapy. Afr. J. Pharm. Pharmacol. 6 (2012).
 43. Dhoro, M. et al. CYP2B6*6, CYP2B6*18, Body weight and sex are predictors of efavirenz pharmacokinetics and treatment response: 

population pharmacokinetic modeling in an HIV/AIDS and TB cohort in Zimbabwe. BMC Pharmacol. Toxicol. 16 (2015).
 44. Zhou, X.-H., Obuchowski, N. A. & McClish, D. K. Appendix B: Jackknife and Bootstrap Methods of Estimating Variances and 

Confidence Intervals. Stat. Methods Diagn. Med. Second Ed. 477–480 (2011).
 45. Ette, E. I. & Onyiah, L. C. Estimating inestimable standard errors in population pharmacokinetic studies: The bootstrap with 

winsorization. Eur. J. Drug Metab. Pharmacokinet. 27, 213–224 (2002).
 46. Ramachandran, G. et al. CYP2B6 G516T Polymorphism but Not Rifampin Coadministration Influences Steady-State 

Pharmacokinetics of Efavirenz in Human Immunodeficiency Virus-Infected Patients in South India. Antimicrob. Agents Chemother. 
53, 863–868 (2009).

 47. Cohen, K. et al. The effect of rifampicin-based antitubercular therapy and cytochrome P450 2B6 genotype on efavirenz mid-dosing 
interval concentrations in a South African HIV-infected population. Antivir. Ther. 14, 687–695 (2009).

 48. Mukonzo, J. K. et al. CYP2B6 genotype, but not rifampicin-based anti-TB cotreatments, explains variability in long-term efavirenz 
plasma exposure. Pharmacogenomics 15, 1423–1435 (2014).

 49. Robarge, J. D. et al. Population Pharmacokinetic Modeling To Estimate the Contributions of Genetic and Nongenetic Factors to 
Efavirenz Disposition. Antimicrob. Agents Chemother. 61, e01813–16 (2017).

 50. Mukonzo, J. K. et al. A novel polymorphism in ABCB1 gene, CYP2B6*6 and sex predict single-dose efavirenz population 
pharmacokinetics in Ugandans: Efavirenz population pharmacokinetic/pharmacogenetic modelling. Br. J. Clin. Pharmacol. 68, 
690–699 (2009).

 51. Haas, D. W. et al. Associations between CYP2B6 Polymorphisms and Pharmacokinetics after a Single Dose of Nevirapine or 
Efavirenz in African Americans. J. Infect. Dis. 199, 872–880 (2009).

 52. Hui, K., Lee, S. & Lam, T. Dose Optimization of Efavirenz Based on Individual CYP2B6 Polymorphisms in Chinese Patients Positive 
for HIV: Genotype-Based Dose Optimizes Efavirenz Treatment. CPT Pharmacomet. Syst. Pharmacol. 5, 182–191 (2016).

 53. Cabrera, S. E. et al. Influence of the Cytochrome P450 2B6 Genotype on Population Pharmacokinetics of Efavirenz in Human 
Immunodeficiency Virus Patients. Antimicrob. Agents Chemother. 53, 2791–2798 (2009).

 54. Csajka, C. Population pharmacokinetics and effects of efavirenz in patients with human immunodeficiency virus infection. Clin. 
Pharmacol. Ther. 73, 20–30 (2003).

 55. Matteelli, A. et al. Multiple-dose pharmacokinetics of efavirenz with and without the use of rifampicin in HIV-positive patients. 
Curr. HIV Res. 5, 349–353 (2007).

 56. Friedland, G., Khoo, S., Jack, C. & Lalloo, U. Administration of efavirenz (600 mg/day) with rifampicin results in highly variable 
levels but excellent clinical outcomes in patients treated for tuberculosis and HIV. J. Antimicrob. Chemother. 58, 1299–1302 (2006).

 57. Uttayamakul, S. et al. Effects of CYP2B6 G516T polymorphisms on plasma efavirenz and nevirapine levels when co-administered 
with rifampicin in HIV/TB co-infected Thai adults. AIDS Res. Ther. 7, 8 (2010).

 58. Habtewold, A. et al. Is there a need to increase the dose of efavirenz during concomitant rifampicin-based antituberculosis therapy 
in sub-Saharan Africa? The HIV-TB pharmagene study. Pharmacogenomics 16, 1047–1064 (2015).

 59. Ogburn, E. T. et al. Efavirenz Primary and Secondary Metabolism In Vitro and In Vivo: Identification of Novel Metabolic Pathways 
and Cytochrome P450 2A6 as the Principal Catalyst of Efavirenz 7-Hydroxylation. Drug Metab. Dispos. 38, 1218–1229 (2010).

 60. Luetkemeyer, A. F. et al. Combined Effect of CYP2B6 and NAT2 Genotype on Plasma Efavirenz Exposure During Rifampin-based 
Antituberculosis Therapy in the STRIDE Study. Clin. Infect. Dis. 60, 1860–1863 (2015).

 61. Ward, B. A. The Cytochrome P450 2B6 (CYP2B6) Is the Main Catalyst of Efavirenz Primary and Secondary Metabolism: Implication 
for HIV/AIDS Therapy and Utility of Efavirenz as a Substrate Marker of CYP2B6 Catalytic Activity. J. Pharmacol. Exp. Ther. 306, 
287–300 (2003).

 62. Zanger, U. M. & Klein, K. Pharmacogenetics of cytochrome P450 2B6 (CYP2B6): advances on polymorphisms, mechanisms, and 
clinical relevance. Front. Genet. 4 (2013).

 63. Mukonzo, J. K. et al. CYP2B6 genotype-based efavirenz dose recommendations during rifampicin-based antituberculosis 
cotreatment for a sub-Saharan Africa population. Pharmacogenomics 17, 603–613 (2016).

 64. Lamba, V. Hepatic CYP2B6 Expression: Gender and Ethnic Differences and Relationship to CYP2B6 Genotype and CAR 
(Constitutive Androstane Receptor) Expression. J. Pharmacol. Exp. Ther. 307, 906–922 (2003).

 65. Bisaso, K. R. et al. Characterizing plasma albumin concentration changes in TB/HIV patients on anti retroviral and anti–tuberculosis 
therapy. Silico Pharmacol. 2, 3 (2014).

http://dx.doi.org/10.1007/s00228-018-2499-0


www.nature.com/scientificreports/

1 2SCIENTIfIC REpoRTs |         (2018) 8:16316  | DOI:10.1038/s41598-018-34674-3

Acknowledgements
We are grateful to the study participants, clinicians, nurses and laboratory technologists at the study sites. 
Novartis provided an opportunity for E.N. to train in pharmacometrics. This study was funded by the European 
and Developing Countries Clinical Trial partnership grant 2005.32030.

Author Contributions
E.N. analysed the data and wrote the manuscript. E.A. designed and supervised the study, performed genotyping, 
and critically reviewed the manuscript. E.N., E.A., O.M., S.M., P.S., M.J., F.M., L.B. and J.B. designed the research, 
conducted the study, and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34674-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-34674-3
http://creativecommons.org/licenses/by/4.0/

	Long-term efavirenz pharmacokinetics is comparable between Tanzanian HIV and HIV/Tuberculosis patients with the same CYP2B6 ...
	Material and Methods
	Study design and patient population. 
	Blood sampling and quantification of plasma efavirenz concentration. 
	Population pharmacokinetic analysis of efavirenz concentrations. 

	Results
	Subjects characteristics. 
	Population PK model parameters. 
	Population Mixture model for missing CYP2B6*6 genotype data. 
	Influence of the covariates on the PK parameters. 

	Discussion
	Acknowledgements
	Figure 1 Observed efavirenz concentration vs time profiles for different CYP2B6 genotypes at week 16 of EFV treatment in arm 1 and arm 2 and at week 32 (8 weeks after stopping co-treatment) in arm 2.
	Figure 2  A goodness-of-fit plots for the final model.
	Figure 3  A visual predictive check of efavirenz concentration vs time profiles for arm 1 and arm 2 (Week 20 and 32).
	Table 1 Subject characteristics observed at week 16 (for Arm 1) and week 20 (for Arm 2).
	Table 2 Parameter estimates of the final population PK model.




