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Abstract 

Background: Reduced ethambutol serum concentrations are commonly observed 
among tuberculosis (TB) patients co-infected with human immunodeficiency virus 
(HIV) and may lead to treatment failure. 

Objectives: To perform a population pharmacokinetic study of ethambutol in 
HIV/TB patients, and to evaluate an intensified ethambutol weight-based dosing 
strategy to support pharmacokinetic target attainment. 

Methods: We conducted a prospective study of ethambutol pharmacokinetics 
among HIV/TB patients administered first-line TB treatment in Botswana, with 
study visits before and after initiation of antiretroviral therapy (ART). Clinical and 
disease status markers, including HIV-associated systemic immune activation 
and gut dysfunction biomarkers, were evaluated as covariates of ethambutol 
pharmacokinetic parameters in non-linear mixed effects analysis. Monte Carlo 
simulations were performed to compare pharmacokinetic target attainment under 
standard and intensified weight-based ethambutol dosing strategies. 

Results: We studied 40 HIV/TB patients prior to initiation of ART, of whom 24 
returned for a second visit a median of 33 days following ART initiation. Ethambutol 
serum concentrations were best explained by a two-compartment model with first-
order elimination, with a significant improvement in oral bioavailability following 
ART initiation. In Monte Carlo simulations, a supplementary ethambutol dose of 
400mg daily led to >2-fold improvements in pharmacokinetic target attainment 
probabilities in lung tissue, both before and after ART initiation. 

Conclusions: Low serum ethambutol concentrations were commonly observed 
among HIV/TB patients in Botswana, and the oral bioavailability of ethambutol 
increased following ART initiation. Supplementary ethambutol dosing among HIV/
TB patients may provide a strategy to optimize anti-TB treatment regimens in this 
high-risk population. 
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Introduction 

Ethambutol is a key drug in the first-line TB treatment regimen worldwide, 
protecting companion drugs against acquired drug resistance and acting 
synergistically with rifampicin for sterilizing effect in a concentration-dependent 
fashion.1-3 More recently, ethambutol has also demonstrated utility in second-line 
treatment regimens for multi-drug resistant TB (MDR-TB) (caused by Mycobacterium 
tuberculosis resistant to both isoniazid and rifampicin) in the shortened WHO 
regimen.4  Ethambutol demonstrates high partitioning into the center and walls 
of tuberculous cavities, which likely contributes to its sterilizing effect.5 Efficacy 
advantages are counter-balanced by the potential for toxicity, in particular an optic 
neuritis that is driven by cumulative exposures in a dose-dependent manner.6-7 
However, the mechanism of ethambutol-induced optic neuritis remains undefined, 
and consequently the optimal strategy for ethambutol dosing among TB patients 
is uncertain.

Weight-based dosing strategies using fixed-dose combinations of anti-TB drugs are 
the mainstay of the WHO Global TB Program. These combination regimens were 
largely developed before the emergence of the HIV epidemic. Administered as 
daily therapy, ethambutol weight-based dosing bands center around 15–25 mg/kg, 
without dose adjustment for HIV co-infection or other comorbid diseases. Some, 
but not all, clinical studies have demonstrated that HIV co-infection is associated 
with low ethambutol concentrations in peripheral blood.8-12 Mycobacterial killing by 
ethambutol is concentration dependent, while prevention of resistance is driven by 
the proportion of time that ethambutol concentrations persist above the minimum 
inhibitory concentrations (MIC).13,14 Thus, low ethambutol exposures may increase 
the risk of TB treatment failure and the emergence of drug resistance, outcomes 
that are more commonly observed among TB patients co-infected with HIV.15,16

We conducted a prospective study to evaluate the pharmacokinetics of the first-line 
anti-TB drugs (rifampicin, isoniazid, pyrazinamide and ethambutol) administered 
via fixed-dose combinations among HIV/TB co-infected patients in Botswana. 
Here, we report the population pharmacokinetic model of ethambutol, followed 
by Monte Carlo simulations to identify target attainment probabilities in lung tissue 
under standard and intensified weight-based dosing strategies. 
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Methods 

Ethics 

The study was approved by institutional review boards of the Ministry of Health 
of Botswana and the University of Pennsylvania. Written informed consent was 
obtained from all participants. 

Study design 

We identified ethambutol pharmacokinetic parameters among HIV/TB patients in 
Gaborone, Botswana, using an intensive pharmacokinetic sampling design. The 
population pharmacokinetic models for rifampicin, isoniazid and pyrazinamide 
identified in this study cohort have been previously reported. We measured 
clinical and disease status markers, including measures of HIV-associated immune 
activation and gut dysfunction, before and after initiation of ART. 

Study population 

A detailed description of the study population has been reported.17 In brief, we 
enrolled HIV-infected patients >21 years of age who were naive to ART and newly 
diagnosed with pulmonary TB. We included patients initiated on the standard 
first-line TB regimen, dosed according to weight-based bands as recommended in 
WHO guidelines, consistent with the policy of the Botswana National TB Program. 
Ethambutol was administered as daily therapy according to standard weight-based 
dosing bands (550 mg if <40kg, 825 mg if 41–55 kg, 1100 mg if 55–70kg, 1375 mg 
if >70 kg). Exclusion criteria included pregnancy, renal insufficiency (defined as a 
creatinine clearance (CLCR) <50mL/min) and hepatic dysfunction (defined as either 
alanine transaminase (ALT) or aspartate transaminase (AST) greater than three 
times the upper limit of normal).

Data collection 

Study procedures included one or two pharmacokinetic study visits for each 
enrolled patient. The first visit occurred 5–28 days after initiation of standard 
TB therapy and was performed in each instance prior to the initiation of ART. All 
participants were eligible to complete a second pharmacokinetic study visit after 
ART had been initiated. The procedures at both study visits (i.e., pre- and post-ART) 
were identical. After an overnight fast, the anti-TB drugs were administered by 
directly observed therapy. Blood samples (10mL) were drawn at 0, 0.3, 0.9, 2.2, 4.5 
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and 8 h post-dosing, with these timepoints selected according to optimal sampling 
theory.20 Clinical and demographic information included age, gender, weight, BMI, 
serum creatinine, HIV viral load and CD4+ T cell count.

We evaluated additional HIV disease markers as potential covariates related to 
ethambutol pharmacokinetic variability, including systemic immune activation, 
microbial translocation and gut dysfunction. HIV associated systemic immune 
activation was measured as the percentage of CD38+ T cells co-expressing HLA-DR 
and CD38 (%CD38+DR+CD8+).21 Other systemic inflammatory markers included 
plasma levels of neopterin, IL-6 and C-reactive protein (CRP). We also evaluated 
markers of gut dysfunction related to HIV-associated immune activation, including 
soluble CD14 (sCD14), a marker of macrophage activation in the LPS pathway,22 and 
intestinal fatty acid-binding protein (I-FABP), a measure of intestinal damage.23

Analytical methods 
Markers of immune activation and gut damage 
Blood samples were transported to the Botswana Harvard Partnership Laboratory. 
We performed plasma and PBMC isolation using Ficoll-Paque Plus (GE Healthcare) 
density gradient centrifugation. Plasma assays for sCD14, IL-6, neopterin, CRP and 
I-FABP were performed using previously described methods.17-19 All assays were 
performed according to the manufacturers’ protocols.

Serum ethambutol concentrations 
Cryopreserved serum samples for each timepoint were shipped to the Center 
for Infectious Diseases Research and Experimental Therapeutics at the Baylor 
Research Institute (Dallas, TX, USA). We used a previously published stable-isotope 
dilution LC-electrospray ionization-MS/MS method to determine ethambutol 
concentrations in the serum.5 Ethambutol dihydrochloride and the stable isotope 
(2S,20S)-ethambutol-d10 (1,1,1’,1’,2,2’-d6; ethylene-d4) were purchased from Sigma–
Aldrich (St Louis, MO, USA) and CDN isotopes (Quebec, Canada), respectively. All 
chemicals used in the assay were chromatographic or LC-MS/MS grade. Calibrators, 
controls and internal standards (ethambutol-d10) were included in each analytical 
run for quantification. Quality control samples were prepared by spiking human 
serum with stock standards (calibration range 0.125–4 mg/L). The lower limit of 
quantification of this method was 0.16 mg/L with 3.4% intra-day precision.
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Statistical analysis 
Population pharmacokinetic modelling of ethambutol among HIV/TB 
patients 

Phoenix NLME software 7 (Certara USA, Inc., Princeton, NJ, USA) was used for 
pharmacokinetic analysis. Summary statistics were obtained for each timepoint, 
separately for pre- and post-ART visits, and used to explore mean concentration–
time plots. Non-compartmental analysis was performed to obtain initial estimates 
for the pharmacokinetic parameters. The first-order conditional estimation-
extended least squares method was used for all population model runs. For 
nested models, a reduction in the objective function value of >3.84 was considered 
statistically significant (P<0.05), corresponding to a χ2 distribution with one degree 
of freedom. We visually examined model goodness of fit by plotting the observed 
serum ethambutol concentrations versus population-predicted concentrations, 
observed versus individual-predicted concentrations, individual weighted residuals 
versus population-predicted concentrations, and conditional weighted residuals 
versus time.

Standard population pharmacokinetic modelling methodology was applied 
for model development and evaluations. Oral bioavailability was included in 
the structural model and fixed to 65% for the first study visit (pre-ART) based 
on previous findings in HIV/TB-co-infected patients. Prior clinical studies have 
linked observed variability in ethambutol oral bioavailability to body weight, food 
intake, genetic factors and disease status. Because we were unable to estimate 
oral bioavailability in the absence of intravenous dosing data, we fixed this 
parameter to a previously reported value and estimated interindividual variability 
(IIV) from this fixed parameter value. This approach allowed us to compare the 
relative oral bioavailability from one patient to another, even though the absolute 
bioavailability could not be estimated directly from the data. First-order absorption 
with lag time (Tlag), transit compartment absorption models and distributional 
delay models were evaluated. We explored proportional and additive models to 
describe residual unexplained variability and exponential models to describe IIV. 
To capture the covariate effect of body weight on ethambutol pharmacokinetic 
parameters, allometric exponents were either fixed to theoretical values, 0.75 for 
disposition-related parameters and 1.0 for distribution related parameters, or 
directly estimated from the data.24

Selection of the final population pharmacokinetic model to be used for simulations 
was based on the Akaike information criterion (AIC), diagnostic plots, plausibility 
and precision. To evaluate the performance of the final population pharmacokinetic 
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model, both visual predictive checks and bootstrapping were performed. For the 
visual predictive checks, the distributions of stochastic simulated ethambutol 
concentrations (including median and 5th and 95th percentiles) were compared 
with distributions of the observed concentrations. Differences and overlap of the 
simulated and original distributions indicated the accuracy of the final model. In 
the bootstrap analysis, 500 datasets were sampled from the original study dataset. 
Each of the simulated datasets was fitted to the final model to evaluate variation 
in predicted parameter estimates (as described by the median and associated 
90% CI). Finally, we performed an external validation of the final population 
pharmacokinetic model, comparing model-simulated serum concentrations with 
observations from an independent study of 48 HIV/TB patients (not used in model 
development) treated with daily ethambutol according to standard weight-based 
dosing guidelines, with the median and range of ethambutol concentrations 
reported for 2, 6 and 10 h post-dosing.10

Monte Carlo simulations of pharmacokinetic target attainment 
probabilities 

Monte Carlo simulations were performed using the RStudio 1.1.383 (RStudio, 
Boston, MA, USA) platform for software R 3.4.1 (The R Foundation, Vienna, Austria) 
and R package mrgsolve.25 Using the pharmacokinetic parameter estimates from the 
final population pharmacokinetic model (with associated variability), we performed 
simulations to identify pharmacokinetic target attainment under standard and 
intensified weight-based dosing strategies.26 The simulated population contained 
1000 virtual patients with normal body weight distribution with mean 55 kg and 
SD 10 kg.17 Using the final population model, pharmacokinetic simulations were 
performed for the standard weight-based dosing regimen as well as an intensified 
dosing strategy that consisted of a supplementary 400 mg dose across each body 
weight group, also administered as daily therapy. We selected this intensified 
treatment strategy based on the ready availability of ethambutol 400 mg oral 
formulations in TB control programs worldwide. For each virtual patient, we 
determined AUC0–24 with noncompartmental analysis. Based on prior published 
data on ethambutol partitioning into pulmonary TB lesions, we estimated a 10-
fold increase in lung tissue drug exposures relative to serum drug exposures.27 We 
defined the AUC0–24/MIC target ratio in lung tissue as 119, corresponding to EC90 in 
an inhibitory sigmoid Emax model of ethambutol pharmacodynamics.14,28 Since the 
toxicodynamic relationships of systemic ethambutol exposures remain undefined, 
we examined the distributions of ethambutol serum Cmax under standard and 
intensified dosing strategies in relation to the recommended ‘target’ ethambutol 
serum Cmax range of 2–6 mg/L.
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Results 

A total of 40 patients were enrolled and completed the first pharmacokinetic study 
visit. Twenty-four patients (60%) returned for a second pharmacokinetic study visit 
conducted a median of 33 days (range 5–44 days) after starting ART. Among 240 
samples collected pre-ART, 8 (3.3%) were below the lower limit of quantification; 
post-ART, 4 of 144 samples (2.8%) were below the lower limit of quantification. 
At the time of the second visit, the median duration of anti-TB therapy was 74 
days (range 33–118 days). Clinical characteristics for study participants grouped 
by body weight are shown in Table 2.1. Based on the recommended weight-based 
ethambutol dosing, the first study visit included 1 patient dosed with 550 mg (14.75 
mg/kg), 19 patients dosed with 825mg (range 11.77–19.64 mg/kg), 17 patients dosed 
with 1100 mg (range 16.17–22.92 mg/kg) and 3 patients dosed with 1375 mg (range 
17.73–19.31 mg/kg). Serum ethambutol concentration–time profiles, sorted by dose 
and visit (i.e., pre- or post-ART initiation), are presented in Figure 2.1.

Figure 2.1 Individual ethambutol serum concentration–time curves by weight group and study visit, 
before and after initiation of ART. The weight group 55 kg or lower includes one patient with body weight 
<40 kg. The horizontal line corresponds to the proposed target range for serum ethambutol Cmax (2–6 
mg/L).
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Serum ethambutol concentrations were best described by a two-compartment 
pharmacokinetic model with first-order absorption with lag time, linear elimination 
and IIV in the volume of distribution for the central compartment (V1), CL and 
oral bioavailability. Estimates of IIV in volume of distribution for the peripheral 
compartment (V2), inter-compartment transfer (Q) and absorption rate constant 
(ka) were small (<0.0001) and shrinkage in random effects was high, and we did 
not include IIV in these parameters moving forward in model development. The 
inclusion of a covariance term between the central compartment volume and 
CL showed improvement in the model fit based on AIC criteria. A proportional 
residual variability model adequately described unexplained residual variability. 
The pharmacokinetic model with fixed allometric exponents on pharmacokinetic 
parameters (1 for volume parameters, 0.75 for CL parameters) yielded lower AIC 
values (474.67) than the model with estimated allometric exponents (479.89). Thus, 
theoretical fixed allometric scaling was used to describe the covariate effect of 
weight on distribution and CL parameters. Oral bioavailability at the pre-ART study 
visit was fixed to 0.659 and IIV was estimated. Based on the plot of visit effect 
on IIV in oral bioavailability (S2.1), we evaluated study visit (i.e., pre- or post-ART 
initiation) as a categorical covariate on oral bioavailability. Interestingly, this effect 
was found to be statistically significant (-Δ2LL=3.92), and therefore was retained in 
the final model. We sequentially evaluated serum creatinine, HIV viral load, CD4+ T 
cell count, % CD8+CD38+DR+, neopterin, IL-6, CRP, sCD14 and I-FABP as covariates 
on CL and oral bioavailability. None of these covariate effects reached our pre-
defined criteria for statistical significance, and thus were not retained in the final 
model. Parameter estimates from the final population pharmacokinetic model are 
shown in Table 2.2. Overall, parameter estimates were plausible and comparable 
to those previously reported in other studies9,11,24 with a coefficient of variation, 
25% for most parameters. The goodness of fit of the final model was supported 
by diagnostic plots (S2.2).
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Table 2.1 Summary of clinical characteristics (median and IQR) by body weight group.

HIV/TB patient body weight category

>55 kg (n=22)a 55–70 kg (n=15) <70 kg (n=3)

Creatinine (µmol/L) 64.7 (55.4–69.1) 69.0 (60.9–73.2) 64.3 (58.0–65.1)

Age (years) 32 (27.2–43.5) 31 (27–34) 46 (39–47)

IL6 (pg/mL) 15.1 (9.15–29.1) 16.6 (8.2–26.7) 4.6 (4.4–5.9)

sCD14 (µg/mL) 2.5 (2.0–3.8) 3.2 (2.8–4.0) 3.1 (3.0–3.3)

I-FABP (pg/mL) 407.7 (188.4–573.8) 179.9 (74.9–506.6) 327.2 (306.5–424.4)

CD4 count (cells/mm3) 217 (94.75–320) 237 (139.5–305) 352 (301–425)

Neopterin (ng/mL) 10.9 (6.68–14.8) 10.7 (7.0–20.1) 7.1 (6.3–7.8)

CRP (µg/mL) 15.2 (3.5–35.7) 7.5 (4.0–12.8) 8.3 (6.0–9.7)

CD8+CD38+DR+ (%) 38.5 (28.1–45.7) 38.5 (27.7–53.3) 27.6 (27.4–31.5)

Viral load (log10 copies/mL) 11.4 (10.3–13.0) 11.3 (10.0–13.3) 10.4 (10.1–12.1)

Female gender, n (%) 10 (45%) 5 (33%) 3 (100%)
a Includes one patient with body weight ,40 kg. 

Table 2.2 Parameter estimates from the final ethambutol population pharmacokinetic model. 

Population pharmacokinetic parameters Typical value (% SE) Median (95% CI)a

ka (h
#1) 0.44 (19.80) 0.42 (0.31–0.59)

Tlag (h) 0.25 (3.09) 0.26 (0.24–0.27)

Oral bioavailability for pre-ART visit (F ) 0.65 (fixed) 0.65 (fixed)

Change in oral bioavailability post-ART 0.12 (54.45) 0.13 (0.00052–0.25)

V1 (L) 110.23 (20.78) 107.05 (71.52–151.35)

CL (L/h) 35.42 (4.64) 35.56 (32.73–38.20)

V2 (L) 512.52 (54.01) 634.82 (313.46–3784.53)

Q (L/h) 27.25 (16.08) 25.66 (19.62–34.28)

Weight exponent for CL and Q 0.75 (fixed) 0.75 (fixed)

Weight exponent for V1 and V2 1 (fixed) 1 (fixed)

IIV

in F (%) 10.00 (13.61) 11.09 (9.04–12.91)

in V1 (%) 55.67 (23.35) 54.27 (29.89–78.11)

in CL (%) 14.14 (5.65) 13.41 (11.92–14.89)

Residual unexplained variability

 proportional (%)                                                                                                             36.00 (6.10) 35.16 (31.32–39.31)
a Obtained from bootstrap of 1000 replicates.

Visual predictive checks from the final model demonstrate adequate model fit with 
the observed data (S2.3). Once the final pharmacokinetic model was identified, 
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we performed Monte Carlo simulations of serum ethambutol concentration–time 
profiles. We first simulated ethambutol serum concentrations under the standard-
of-care weight-based dosing scheme. For each virtual patient, we sampled from 
distributions of body weight, assigning ethambutol dose based on WHO guidelines, 
as described above. We performed an external validation of the pharmacokinetic 
model by comparing simulated serum ethambutol concentrations at 2, 6 and 10 h 
post-dosing with observed serum ethambutol concentrations at these timepoints, 
as reported in a separate pharmacokinetic study among HIV/TB patients that was 
not used in model development.10 The overlap between distributions of simulated 
and observed serum ethambutol concentrations at these timepoints supported 
the use of the pharmacokinetic model for simulation purposes (Figure 2.2).

Figure 2.2 External validation of pharmacokinetic model, comparing simulated and observed 
distributions of serum ethambutol concentrations at 2, 6 and 10 h post-dosing with observed values 
reported in a cohort of 48 HIV/tuberculosis patients.10 The box represents the 25th–75th quartiles, the 
solid horizontal line in the box represents the arithmetic mean, and the error bars represent 1.5%IQR. 
The floating bars represent the range of observed serum ethambutol concentrations at each timepoint.
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Next, we estimated probabilities of ethambutol pharmacokinetic target attainment 
in lung tissue according to ethambutol MIC values, under standard and intensified 
dosing strategies. The lung tissue AUC0–24 was estimated from the reported 
partitioning of ethambutol into pulmonary lesions27 and the ethambutol MIC for 
the infecting Mycobacterium tuberculosis (Mtb) strain was sampled from a previously 
reported MIC distribution of ethambutol-susceptible strains.30 The probabilities 
of successful pharmacokinetic target attainment at each MIC level, defined as a 
ratio of ethambutol AUC0–24/MIC in lung tissue >119, are shown in Figure 2.3. We 
separately compared probabilities of pharmacokinetic target attainment under 
standard and intensified dosing strategies among HIV/TB patients pre-ART (Figure 
2.3a) and post-ART (Figure 2.3b).

Figure 2.3 Probability of pharmacokinetic target attainment under standard and intensified 
ethambutol dosing strategies (n=1000 per simulation). The pharmacokinetic target was defined as an 
AUC0–24/MIC ratio in lung tissue .119. Circles/solid line, standard dosing regimen; squares/dashed line, 
intensified dosing regimen. (a) Before initiation of ART. (b) After initiation of ART.

Figure 2.4 Comparison of ethambutol (EMB) pharmacokinetic target attainment probabilities by 
body weight category, before (a) and after (b) initiation of ART (n=1000 per simulation). 
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The cumulative fraction of response pre-ART under standard dosing was 15.8% 
and under intensified dosing was 37.6%. Post-ART initiation, the cumulative 
fraction of response was 17.2% under standard dosing and 64.1%with intensified 
dosing. Notably, at the ethambutol MIC level of 4mg/L, the PTA was <1% across all 
scenarios. Patients in the lowest body weight category (under 55 kg) were least 
likely to demonstrate pharmacokinetic target attainment under each simulation 
scenario, both before (Figure 2.4a) and after (Figure 2.4b) ART initiation. Finally, in 
order to characterize the safety of intensified ethambutol dosing, we determined 
the proportion of virtual patients achieving ethambutol serum Cmax between 2 
and 6mg/L, the recommended range for clinicians in the context of therapeutic 
drug monitoring.29 Under an intensified dosing strategy, the ethambutol serum 
Cmax fell between 2 and 6mg/L for 94% of virtual patients pre-ART initiation and 
97% post-ART initiation. Among the 9% of virtual patients with ethambutol serum 
Cmax outside the target range post-ART initiation, 8% were, 2mg/L and 1% were 
.6mg/L, with similar proportions in each body weight category (Figure 2.5). Thus, 
this intensified dosing strategy did not lead to supratherapeutic serum ethambutol 
exposures in these simulations, as defined by the recommended range of peak 
serum concentrations.
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Figure 2.5 Simulation-based evaluation of the proportion of virtual HIV/TB patients with serum 
ethambutol Cmax within the proposed target range under an intensified dosing strategy, according 
to body weight category (n=1000 per simulation). The grey and black lines correspond to simulated 
patients with peak serum ethambutol within and outside of the target range, respectively. 

Discussion 

Ethambutol remains a key drug in the first-line treatment regimen for TB. Prior work 
has demonstrated that HIV co-infection exerts a negative effect on ethambutol 
oral bioavailability, with a 15% reduction in oral bioavailability among TB patients 
co-infected with HIV, compared with HIV-uninfected TB patients.9 Our work 
builds on these findings with the novel observation that ART initiation restores, 
at least partially, ethambutol oral bioavailability among HIV/TB patients treated 
with standard dosing regimens. We were unable to identify a specific HIV disease 
biomarker that was associated with improvement in oral bioavailability, among 
virological, immunological or gut-specific measures of HIV disease. Indeed, we 
cannot rule out that an overall improvement in health status, as a consequence 
of HIV and TB treatment, led to the increase in oral bioavailability. Broadly, these 
findings support efforts to identify the optimal strategy for managing HIV/TB 
patients who are ART naive at the time of TB treatment initiation.31 Future work 
should identify mechanisms for the observed effect of ART initiation on ethambutol 
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oral bioavailability, whether driven by drug–drug interactions (for example, effects 
of ART) or drug–disease interactions (as we have demonstrated with effects of 
HIV-associated immune activation on the CL of isoniazid17 and pyrazinamide18).

Monte Carlo simulations with our population pharmacokinetic model demonstrated 
that an intensified dosing strategy, comprising a supplementary dose of 400mg 
across all body weight groups, led to improvements in pharmacokinetic target 
attainment in lung tissue (measuring efficacy) while maintaining the serum Cmax 
range within the recommended range (approximating safety). The benefit of 
intensified ethambutol dosing was most notable for Mtb strains at an ethambutol 
MIC of 2mg/L, with an increase in target attainment probability from ,1% to 29% 
(pre-ART), and from 1% to 65% (post-ART). Based on these findings, the combination 
of early ART and intensified ethambutol dosing appears essential to achieve >50% 
probability of efficacious exposures to ethambutol in infected lung tissue among 
HIV/TB patients. 

An additional finding of the current work was that the ethambutol MIC of 4mg/L 
provided an unattainable pharmacokinetic target for HIV/TB patients (both pre- 
and post-ART) under both the standard and intensified dosing strategies. This 
is particularly notable given the increasing recognition that the susceptibility 
breakpoints for anti-TB drugs should reflect the probability of pharmacokinetic 
target attainment during treatment.28,32 These findings should be validated in 
prospective cohorts of HIV/TB patients, in order to relate these pharmacokinetic/
pharmacodynamic indices to clinical endpoints (such as time to sterilization of 
sputum samples).33

A previous pharmacokinetic study conducted among healthy volunteers 
demonstrated that the ethambutol AUC0–24 was significantly lower among obese 
(BMI 25–40 kg/m2) and extremely obese (BMI>40 kg/ m2) individuals compared 
with individuals with a BMI <25 kg/m2.2.24 Although we were unable to characterize 
the effects of obesity on ethambutol pharmacokinetics given the body weight 
distribution of the study population, the current WHO weight-based bands for 
ethambutol dosing may require further optimization among patients with increased 
BMI in order to reach serum targets. Similarly, the absence of patients with significant 
kidney disease in the study cohort constrained our ability to study this covariate 
effect on CL, even though ethambutol is renally eliminated. The effects of BMI and 
kidney disease on ethambutol pharmacokinetics require further investigation given 
the merging of HIV, diabetes mellitus and TB epidemics, and the increasing need to 
treat overweight or obese patients with optimized ethambutol dosing.34
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Our study had several limitations. First, the study was not designed to evaluate 
safety endpoints such as optic neuritis that may be associated with increasing 
ethambutol exposures,6,7,35 and serum Cmax values within a recommended range 
were used as an approximate measure of the safety of an intensified dosing scheme. 
Although many of the early clinical studies of ethambutol included much higher 
dosing than currently used (up to 50mg/kg), optic neuritis can develop with doses 
as low as 15mg/kg and may occur more commonly among patients with nutritional 
deficiencies.36 As with the other first-line anti-TB drugs, delineating toxicodynamic 
relationships will be essential to support intensified dosing strategies among 
high-risk patients.37 In addition, we estimated lung tissue drug exposure relative 
to serum based on the rabbit model of tuberculous lung lesions27, which may 
overestimate ethambutol exposures at the center of lung cavities and under-
estimate ethambutol exposures in alveolar cells.38 Furthermore, the ethambutol 
MIC demonstrates regional variability in tuberculous lung lesions,5 which adds 
additional complexity to the likelihood of AUC0–24/MIC target attainment. 
Although the pharmacodynamic target was identified in the hollow-fiber system, 
which provides the basis for dose selection in TB drug development guidance from 
both the FDA and EMA, emerging clinical data should validate this target. Finally, 
because pharmacokinetic sampling was limited to the central compartment, we 
were unable to incorporate additional IIV in ethambutol partitioning into lung tissue 
in Monte Carlo simulations of target attainment probabilities.  Strengths of the 
study include the multifaceted characterization of HIV disease status (including 
immunological, virological and gut-specific assays) and the repeated measures 
study design, supporting the formal investigation of the effects of ART initiation 
on ethambutol pharmacokinetics during TB treatment.

In summary, we present the novel finding that ART initiation among HIV/TB-
co-infected patients was associated with an improvement in ethambutol oral 
bioavailability and provide evidence in support of the efficacy and safety of an 
intensified ethambutol dosing strategy to optimize ethambutol use among HIV/
TB patients. Given the critical role of ethambutol in TB treatment regimens, 
emerging knowledge regarding the pharmacokinetic/pharmacodynamic indices 
of ethambutol safety and efficacy will support further refinement of treatment 
strategies among high-risk TB patient populations. 
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Supplementary Materials 

Figure S2.1. IIV (Eta) in bioavailability by visits, before (Figure 1a) and after (Figure 1b) the inclusion 
of study visit as a covariate on oral bioavailability. The box represents 25th and 75th quartiles, solid 
horizontal line in box represent arithmetic mean, dashed horizontal line in box represent median, and the 
error bars represent 1.5 x interquartile range. 

(a)     (b) 
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Figure S2.2. Diagnostics plots from final ethambutol population pharmacokinetic model. (a) observed 
versus individual predicted concentrations, Black dots: Observed, Solid line: linear regression line; (b) 
conditional weighted residuals versus individual variable (time after dose), Black dots: Observed, Solid 
line: Loess regression; (c) conditional weighted residuals versus population predicted concentrations, Black 
dots: Observed, Solid line: loess regression. 

(a) 

(b) 
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(c) 
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Figure S2.3. Prediction corrected visual predictive checks from 500 replicates of final ethambutol 
population pharmacokinetic model. Gray dots: observed, Gray lines: observed 5th, 50th, 95th quantiles; 
black dotted lines: 95% CI for predicted quantiles (5th, 50th, and 95th), black solid and dashed lines: 50th 
quantiles of respective predicted quantiles.
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