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TABLE 1 Standard and alternative BDQ regimens evaluated in
simulations

Initial phase Maintenance phase
Dosing regimen (wk 1-2) (wk 3-24)
Standard 400 mg daily 200 mg three times weekly
Alternative 1: increased 400 mg daily 200 mg daily
frequency
Alternative 2: increased dose 400 mg daily 400 mg three times weekly

The model selection was based on scientific plausibility and on maxi-
mum likelihood statistics (quantified by the objective function value
[OFV], defined as minus two times the log likelihood, with a 5% signifi-
cance level applied for statistical tests), precision in parameter estimates,
and graphical analysis of goodness-of-fit plots (population and individual
predictions versus observations and conditional weighted residuals
[CWRES] versus time after dose and versus individual predictions) and
visual predictive checks (VPC; simulations n = 1,000). Eta shrinkage was
continuously monitored. A nonparametric bootstrap (n = 100) was em-
ployed to provide information on model robustness and parameter im-
precision.

Software. The analysis was performed in NONMEM 7.2 (Icon Devel-
opment Solutions, Hanover, MD) (24) with the first-order conditional
estimation method including eta-epsilon interaction. The model develop-
ment work was facilitated by PsN (25, 26) for automation of a diverse
range of processes and Xpose 4 (27) for graphical evaluation. Pirana (28)
was used for creation of run records and documentation and as an inter-
face between above-mentioned software and the computation cluster.

Calculation of relative exposure. The impact of EFV induction on
average concentrations at steady state (C; ,,) can be evaluated using equa-
tion 2, where F is bioavailability and CL is clearance and which also allows
changes in dose or dosing interval () to be taken into account.

F X dose
Css,av = CL X 7 (2)
Relative average steady-state concentration, assuming the same dosing
strategy, is then given by equation 3, including parameter values in the
absence and presence of concomitant EFV treatment.

CSS av (EFV) CL/F
Relp =— =
Cormr CL/F (EFV)

The same equations can be used for BDQ, M2, and M3 as long as the
fraction metabolized is assumed to be 100%. Standard errors (SEs) of the
relative exposures were calculated from a nonparametric bootstrap (n =
100).

Simulations of alternative dosing regimens. The proposed dosing
regimen for treatment of MDR-TB with BDQ is 400 mg daily (QD) for 2
weeks followed by 200 mg three times per week (TIW) for 22 weeks, as
part of multidrug TB treatment (16). Simulations of this regimen and
alternatives (Table 1) were performed with the developed population
model in the absence and presence of concomitant EFV. The scenario
modeled was of patients simultaneously diagnosed with HIV and TB
starting EFV-containing ART following 2 weeks of anti-TB treatment;
hence, the induction effect of EFV would build up during a period after
initialization of ART simultaneously with ongoing BDQ treatment. The
simulation data set was set up with the same number of subjects and
demographic characteristics as those in a published phase II study (13).

The simulations were evaluated by comparing estimated cumulative
weekly exposures (AUC,,_,4s) and C,,,, at different time points during the
treatment period.

3)

RESULTS

Subjects. Thirty-seven healthy subjects were enrolled in ACTG
study A5267. Thirty-five completed the first PK sampling, and 33
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TABLE 2 Summary of patient characteristics

Value

82.3 (57.3-118.8)
25.9 (19.0-36.1)

Characteristic

Median wt, kg (range)
Median BML,* kg m ™2 (range)

Median age, yr (range) 44 (19-62)
Sex, n (%)
Male 32 (91)
Female 3(9)
Race/ethnicity, n (%)
Black, non-Hispanic 8 (23)
White, non-Hispanic 24 (69)
Hispanic (regardless of race) 2(6)
Asian, Pacific Islander 1(3)
CYP2B6 metabolizer status, 1 (%)
Slow 3(9)
Intermediate 13 (37)
Extensive 19 (54)

“ BMI, body mass index.

completed both PK sampling periods; all 35 were included in
the modeling analysis. Summary characteristics are provided in
Table 2.

PK model. The data included 1,152 observations each of BDQ
and M2 and 560 observations of M3. Some of these were reported
as zero (1, 30, and 4 observations for BDQ, M2, and M3, respec-
tively) or to have a measurable concentration below the limit of
quantification (14, 146, and 13 observations, respectively).

The NONMEM code for the developed model is available in
the supplemental material (Text S1). BDQ PK was best described
by a 3-compartment disposition model with absorption through a
dynamic transit compartment model (Fig. 3). M2 and M3 were
described by 2-compartment models with clearance of BDQ and
M2, respectively, as input. The impact of induction was described
as an instantaneous change in clearance 1 week after initialization
of EFV treatment, and it was allowed to impact all three com-
pounds. The increase in clearance with induction was not signifi-
cantly different for BDQ and M2 and estimated to be about 2-fold.
For M3, the increase in clearance was notably smaller but signifi-
cant. The variability model included BOV on absorption param-

N transit compartments Tl
Oral
dose - BDQ N
= M3 — M2 =
‘ = induction effect

FIG 3 Schematic figure of developed PK model.
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TABLE 3 Parameter estimates with relative standard errors of the final model”

Fixed effects” Value (RSE, %) Random effects Value, % CV (RSE, %)

MTT, h 1.31 (12.6) BOV F 23.6 (26.9)

Ky, h™! 0.128 (8.7) BSV F 24.3 (28)

CL, liters h ™! 2.96 (9.5) BOV MTT 55.4 (11)

V, liters 17.3 (18.7) BSV CL 23.7 (11.9)

Q,, liters h™! 5.01 (8.3) BSV CLy, 29.6°(31.5), 18.8 (23.7)

V,, liters 2,870 (15.3) BSV CLys —12.9°(90.8), 71.3° (34.5), 30 (24.9)

Q, litersh™! 4.16 (10.2) BSV EFV . oo —69.2° (13.8), —56.1° (24.1), —22.4° (64.7), 20.6 (10.8)
V,,, liters 136 (9) BSV EFVpran —29.7°(36.6), —77° (29.5), —71.9° (32.8), 75.2° (17), 28.2 (22.1)
CLy» litersh ™! 12.3 (10.1) BSV EFVppnis —7.4°(163.5), —58.2° (43.2), —83.4° (30.3), 42.5° (35.2), 87.9° (27.2), 32.7 (25)
Vi liters 659 (7.2) BSV V 34.6 (32)

Qypio litersh ™! 103 (10.5) BSV Q, 18.7 (15)

Vo liters 2,840 (6) BSV Vi, 289 (19)

ClLyys, litersh ™! 39.2 (9) BSV Vi 25.9 (39)

Vs liters 11.2 (44.7)

Quis litersh™! 106 (9.9) Prop error BDQ 23.9 (5.3)

Vs liters 2,680 (13.6) Prop error M2 14.9°(6.1), 17.7 (4.8)

EFV g BDQ and M2 2.07 (3.6) Prop error M3 7.5°(21.4), 11.7° (5.6), 15 (10.2)

EFV,pe M3 1.12 (3.6)

NN 5.21 (20.5)

Errorwt TAD <6 h 1.87 (11)

Error wt < BLQ 3.28 (15)

@ Abbreviations: MTT, mean transit time; K, absorption rate constant; F, bioavailability; CL, clearance, V, volume of distribution; Q, intercompartmental clearance; Vp, volume of
distribution of peripheral compartments; EFV .y, induction effect of EFV; NN, number of transit compartments; TAD, time after dose; BLQ, below limit of quantification; Prop,
proportional; BOV, between-occasion variability; BSV, between-subject variability; RSE, relative standard error; % CV, percent coefficient of variation.

b Estimated with typical value of F fixed to 1.

¢ Correlation estimated as a covariance; presented here structured as the omega or sigma blocks used in the NONMEM code.

eters and correlations between the BSV of clearances and induc-
tion effects. Proportional error models with correlations across
residual errors for the three compounds were applied. Separate
magnitudes of the error were estimated for samples drawn in the
absorption phase (less than 6 h after dose) and for observations
below the limit of quantification. The error for observations below
the limit of quantification was estimated to 3.3 times higher, and
the agreement between individual predictions and observations
below limit of quantification was good.

Allometric scaling of disposition parameters with fixed coeffi-
cients improved the fit markedly (0.75 for clearances and 1 for
volumes; estimation of the coefficients did not significantly im-
prove the fit further) and were the only covariate effects included
in the model. Neither CYP2B6 metabolizer status nor individual
EFV PK characteristics (AUC or CL/F) were significantly corre-
lated with the magnitude of the induction effect. Table 3 lists pa-
rameter estimates, and Fig. 4 shows a stratified VPC of the final
model.

Relative exposures. The model predicted the relative average
steady-state concentration (Rels,,) of BDQ, comparing BDQ
taken with EFV to BDQ taken alone, to be 48% (standard error
[SE], 1.9%). For M2, this value was 48% (SE, 1.9%), and for M3, it
was 88% (SE, 3.7%). The interindividual variabilities in Relq .,
were 21% (SE, 2.7%), 29% (SE, 7.7%), and 35% (SE, 9.8%) for
BDQ, M2, and M3, respectively. Figure 5 illustrates weekly expo-
sures and C,,, of the two scenarios.

Alternative structural assumptions. The magnitude of the in-
duction effect was found to be independent of the time point for
onset of induction effect. Allowing the induction to affect both
bioavailability and clearances did not significantly improve the fit
(AOFV, —3.3). The range of models with alternative structural
assumptions regarding the fraction of BDQ that is metabolized to
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M2 and the fraction of M2 that is metabolized to M3 resulted in
estimated typical Relg ,, of BDQ, M2, and M3 ranging between
48 and 64%, 48 and 60%, and 85 and 110%, respectively. None of
the alternative models offered a markedly better fit to data.
Simulations of alternative dosing regimens. Evaluation of
weekly AUC and C,,,,, shows that two proposed alternative regi-
mens can mitigate the estimated decrease in exposure of BDQ at
chronic administration without increasing exposure to M2 above
that for a standard regimen administered in the absence of EFV
(Fig. 5). The exposure to M3 would, however, be increased about
2-fold. Increasing dosing frequency to daily (alternative 1) would
not increase C,,,, of BDQ, while doubling the dose but maintain-
ing three-times-weekly dosing (alternative 2) would. C,,,, of M2
would not be significantly affected by either alternative, while
Cpnax 0f M3 would be increased about 2-fold by both alternatives.

DISCUSSION

This modeling exercise indicates that the observed reduction in
exposure to BDQ based on a single-dose study (19) might under-
estimate the actual effect during long-term treatment; in particu-
lar, these analyses show that we should expect a reduction in
exposure to BDQ of about 50% when it is chronically coadminis-
tered with EFV. Studies in a murine model have demonstrated
that AUC (or, equivalently, average concentration) is the main
PK-pharmacodynamics (PD) driver for BDQ and is the parameter
on which dose optimization should be based (29). Though the
PK-PD relationship for BDQ in humans is not well characterized,
it is likely that a reduction of this magnitude would be of clinical
importance. In mice, a 50% reduction in BDQ dose, mimicking
the inductive effects of a companion drug like rifampin or EFV,
reduces its sterilizing activity, but not markedly (30, 31). From a
safety standpoint, it is reassuring that the model predicts the elim-
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FIG 4 Visual predictive check showing the 5th, 50th, and 95th percentiles (lines) of observed BDQ, M2, and M3 concentration data (dots) and the 95%

confidence intervals (shaded areas) of the same percentiles from model-simulated data.

ination of M2 to be affected by EFV induction to the same extent ~ of M2 to M3, but due to the similarities of the compounds and the
as the elimination of BDQ; thus, the interaction is not expected to  metabolic reaction (N demethylation), it is reasonable to postu-
increase M2 overall or maximum exposures after multiple doses.  late that CYP3A4 is the main metabolizing enzyme for M2, just as
To our knowledge, there have been no in vitro experiments inves- ~ for BDQ. This hypothesis is also supported by in silico structure-
tigating which metabolic enzyme(s) is responsible for conversion  based analysis (32, 33). If it is true that BDQ and M2 metabolisms
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24 of treatment (representative for a large proportion of the treatment period). A, standard regimen (200 mg BDQ three times weekly); B, standard regimen and
concomitant EFV; C, alternative 1 (200 mg BDQ daily) and concomitant EFV; D, alternative 2 (400 mg BDQ three times weekly) and concomitant EFV.
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are governed by the same enzyme, we would expect similar effects
of induction on the two compounds, which is what our model
predicts.

The parameters of the developed model were estimated with
good precision, and the goodness-of-fit plots are satisfactory. The
VPC indicates a slight overprediction of the variability. Evaluation
of individual plots revealed one subject with a strongly deviating
profile at the second dosing occasion: concentrations of all three
compounds were substantially lower than expected. Reestimating
model parameters without this individual decreased the estimates
of BOV and BSV in bioavailability from 23.6% to 16.2% and
24.3% to 17.8%, respectively, while no other parameters were no-
tably changed. The VPC of the model with reestimated parameters
shows substantially less overprediction of the variability. One
could hypothesize that something went wrong with administra-
tion of the second dose for this individual (for example, if one or
more of the four 100-mg pills was not ingested despite observed
dosing). As an experiment, we tested fitting the model assuming
that three, two, one, or no pills were actually ingested and found
the best fit with a dose corresponding to one pill. Nonetheless,
since such a hypothesis is impossible to prove at this time and
since none of the fixed-effect parameters which are important for
the conclusions of this analysis were impacted, the data from this
individual were retained in the analysis. However, when applying
this population model to other data, we would consider using
parameters obtained without this subject’s data (provided in Ta-
ble S2 in the supplemental material). M3 data were added to the
analysis during a later stage of the model development process.
Inclusion of M3 data did not significantly change the model prop-
erties for BDQ and M2, but it affirmed the estimations of M2
clearance and induction effect on M2. It also enabled testing of
models with different assumptions regarding the structure of the
induction effect on M2 clearance, which could not have been done
without information about this secondary metabolite.

The anatomical or physiological mechanisms driving the com-
partments of the model are currently unknown. The PK data were
generated in healthy subjects, as is commonly done in initial DDI
studies. The difference in PK between healthy individuals and pa-
tients with TB or with HIV and TB has not been extensively stud-
ied for BDQ, but initial comparisons of BDQ PK parameters com-
paring healthy subjects to patients with TB did not demonstrate
significant differences (16). BDQ, though, is extensively bound to
plasma proteins, >99.9% (16), and it is known that levels of cer-
tain proteins are altered in patients with active TB. In general, the
albumin level is decreased, while the level of a1-acid glycoprotein
(AAG) is increased (34). It has also been reported that albumin
levels are even further decreased in TB patients coinfected with
HIV (35). For drugs like BDQ with a large steady-state volume of
distribution and low intrinsic clearance compared to liver blood
flow, both the volume of distribution and the clearance will be
approximately proportional to the unbound fraction (f,) of the
drug. The f,, in patients can be described by equation 4, where P is
the plasma protein level in patients or healthy individuals (hv)
(36).

1
Ppatient (1 - fu,hv)

P hv f u,hv

Itis easily demonstrated that, atlow f,, (<0.01), the plasma protein

(4)

f u,patient =
1+
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FIG 6 Fraction of AUC observed (AUC,_;3,/AUC, ) for BDQ and M2 with-
out and with coadministration of EFV.

levels (P) can impact the relative f,. For example, a decrease in
albumin (when assuming it to be the only relevant plasma pro-
tein) from 4.5 g/dl to 3.5 g/dl would result in a 30% increase in f,.
Thus, among patients with low albumin, the volume of distribu-
tion and clearance would be increased accordingly. Furthermore,
the impact of TB and/or HIV disease on BDQ concentrations
at the site of infection is unknown. Few individuals of races other
than white were included in this study, and race was therefore not
investigated as a covariate. It has previously been found that ap-
parent CL of BDQ is 52% higher in black patients than in subjects
of other races (18), which could be important to consider before
applying the developed model in other populations.

Elegant and mechanistic models of enzyme induction have
previously been published (37-39). Our simplistic implementa-
tion of the induction effect as an instantaneous change in clear-
ance does not fully represent the physiological process, but it is
good enough in this case where the data do not cover the first 2
weeks of the induction process. The time point for the onset of the
induction effect was not found to impact the magnitude of the
effect and was, therefore, chosen as 1 week after the start of EFV
treatment. This corresponds to somewhat less than 50% of full
induction according to the kinetics of autoinduction of CYP3A4
by EFV as estimated by Zhu et al. (38). The magnitude of the
induction effect was based on 600 mg EFV once nightly and
should not be expected to be the same at other EFV doses. Neither
CYP2B6 metabolizer status nor individual EFV PK were found to
significantly impact the magnitude of the induction. However, it
should be noted that this study included few patients who were
slow metabolizers, and therefore, we cannot rule out the possibil-
ity that these covariates could have an impact in a broader patient
population.

A limitation to the modeling work performed is that the data
did not cover full PK profiles of BDQ or the metabolites. Due to
their extremely long terminal half-life, less than half of the pre-
dicted AUC, _j ity after a single dose was typically covered during
the 14 days of sampling after the first dose (Fig. 6). If the charac-
teristics of the profiles were to change at a later stage, for example,
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through a fourth elimination phase, there is no way that a model
developed using 2-week data could capture that. The observation
that concentrations of BDQ could be measured in patients partic-
ipating in a phase II clinical trial almost 2 years after the last dose
(13) while our model predicts that concentrations will be below
the limit of quantification after about 9 months for the typical
individual with the same dosing regimen as that in the above-
mentioned trial may indicate that the 2-week PK sampling was not
enough to capture information to support a fully correct model
structure. To investigate the impact of a fourth slowly equilibrat-
ing compartment, we simulated PK data using a four-compart-
ment model with the terminal phase having an impact after the
first 2 weeks. The three-compartment structure of the developed
model was applied to the simulated data, and parameters were
reestimated. We found that the magnitude of the induction effect
was somewhat underestimated with the three-compartment
structure: an actual 2-fold increase in clearance was estimated to a
1.7-fold increase. Hence, if BDQ PK truly has four phases, the
induction effect might be larger than what we predict with the
three-compartment model. Nonetheless, we expect that the mag-
nitude of the potential underestimation is small and will not sig-
nificantly impact the conclusions given that the error is small (less
than 15% in the evaluated examples).

In simulations of long-term BDQ treatment with concomitant
EFV introduced after 2 weeks, total weekly BDQ exposures
(AUC,_,4s) and C,,,, during the third week and during the final
week of TB treatment were regarded as most important. Given the
way that TB and HIV treatment are often given in the clinical
setting (TB treatment initiated and then HIV treatment started 2
weeks later), week 3 is when the risk of elevated BDQ concentra-
tions under the alternative regimens compared to the standard
regimen is largest, since the induction effect of EFV has only just
started. The last week is representative of a large proportion of the
treatment period, when induction by EFV is at its maximum or
near-maximum. The results from the extreme case (week 3) show
that typical AUC,_, 45 would be about 50% higher than normal for
both the alternative regimens, while the C,,, would be notably
affected only for alternative 2. The typical AUC,_,¢¢ and C,,,,, for
M2 and M3 would not be notably increased for either alternative.
Since AUC,_,4g and C,,,,, for all three compounds during week 3
with the alternative regimens would be lower than exposures ex-
perienced by patients during the first 2 weeks of treatment when
BDQ is administered daily, we do not believe that the short period
of increased exposures during the initial phase of the alternative
regimens is an important safety concern. With the full induction
effect by EFV (for example, during the last treatment week [Fig.
5]), BDQ and M2 exposures would be expected to be reduced by
half if no dose adjustments are made. Both alternative regimens
can mitigate the reduction without increasing the exposure to M2.
The increase in exposure to M3 is about 2-fold for both alterna-
tives. Little is known about M3 toxicity, but some in vitro data
suggest that M3 is more cytotoxic and is a stronger inducer of
phospholipidosis than BDQ (18). When considering the alterna-
tive regimens, it should also be noted that nonclinical toxicity
studies found intermittent dosing to be better tolerated than daily
dosing of the same weekly dose, potentially due to the smaller
extent of tissue distribution (16).

We successfully developed a population PK model of the
promising new TB drug BDQ that includes the inductive effects of
EFV, one of the most commonly used antiretrovirals to treat HIV.
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Coadministration of EFV with BDQ is expected to reduce concen-
trations of BDQ and its main metabolite by about 50%. At first
look, this seems troubling given that concurrent treatment of TB
and HIV is now the standard of care. However, simulations per-
formed using this model suggest that simple adjustments of the
standard BDQ dosing regimen during EFV coadministration can
prevent reduced exposure to BDQ in individuals taking EFV. Fur-
ther, the suggested alternative regimens would not be expected to
increase exposures to the M2 metabolite, which is reassuring from
a safety standpoint. The potential clinical implications of in-
creased M3 levels must be carefully considered. Alternative BDQ
regimens for patients on ART must be further evaluated and stud-
ied in clinical trials to ensure appropriate dosing, dosing fre-
quency, and safety profile. Including patients with HIV on ART in
clinical trials of BDQ will be important to ensure early access to
BDQ for HIV-infected patients with TB. The developed model
could potentially be applied to data from other DDI studies to
better characterize the impact of the studied drugs, like other an-
tiretrovirals (ARVs), on BDQ exposure during long-term treat-
ment.
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