








ability (F1); the apparent oral clearance and volume (CL/F1 and V2/F1); and the mean
total absorption time (MTT � 1/KA).

The reference subject was a 55-kg, male, HIV-negative, DS-TB subject with baseline
total bilirubin (TBIL) of 5 �mol/liter and albumin (ALB) of 35 g/liter administered 200 mg
q.d. of pretomanid alone in a fed condition to steady state. Departures from these
reference conditions that were considered may be seen in the row labels of Fig. 2, a
forest plot of simulation results for Cavg,ss. Forest plots and tabular summaries for this
and other criteria are provided in the Fig. S3 and Table S4 in the supplemental material.

Exposure. The median Cavg, Cmax, and C24h values for a reference subject were 2.4,
3.2, and 1.6 �g/ml, respectively. Administration of pretomanid in the fasted condition
reduced exposure by about half relative to the reference. The median Cavg was 22%
higher in females, 13% lower in HS, and 6% lower in HIV� subjects relative to the
reference.

After the modeling results were reviewed, one group was defined by selecting
covariate values that in combination would yield an extremely low exposure: fasting,
HIV�, MDR-TB subjects weighing 100 kg, and taking efavirenz. For this group, the
median Cavg was 0.36 �g/ml, and the median C24h was 0.22 �g/ml. Otherwise, only two
groups on 200 mg in the fed condition had a median Cavg of �80% of the reference
value (i.e., �1.9 �g/ml): (i) weight of 100 kg, 1.5 �g/ml; and (ii) HIV� and taking
efavirenz, 1.3 �g/ml. After the modeling results were reviewed, one group was defined
by selecting covariate values that in combination would yield an extremely high
exposure: females weighing 35 kg. For this group, the median Cavg was 4.0 �g/ml, and
the median Cmax was 5.2 �g/ml. Otherwise, only two categories on 200 mg in the fed
condition had median Cavg greater than 125% of the reference value (i.e., �3.0 �g/ml):
(i) weight of 35 kg, 3.3 �g/ml; and (ii) PaMZ regimen, 3.1 �g/ml.

Although, as shown above, subjects in the PaMZ (pretomanid plus moxifloxacin plus
pyrazinaminde) regimen had a median Cavg that was 130% of the reference value, in the
BPaMZ (bedaquiline plus PaMZ) regimen in MDR-TB subjects in NC-005, the median
Cavg was essentially the same as that of the reference value. Nix-TB-related covariates
had only small effects: the median Cavg for TI/NR MDR-TB and XDR-TB subjects was
about 15% greater than the reference value. This indicates that bedaquiline and
linezolid together had little impact on pretomanid exposure. In the PaM regimen,
pretomanid exposure (Cavg) was essentially unchanged from the reference value, and
the BPa and PaZ regimens did not impact pretomanid exposure. Thus, overall, there
was little evidence for noteworthy effects of regimen partners on pretomanid.

FIG 1 Prediction-corrected visual predictive checks of the final model. The observed and predicted medians and
5th and 95th percentiles are presented. Steady-state profiles are included for studies NC-002, NC-003, NC-005, and
NiX-TB. Steady-state troughs were also included for studies NC-001 and NC-006. Additional VPCs are provided in
the supplemental material.
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The effect of baseline values of albumin and total bilirubin were retained in the final
model, but these had only small effects.

Tmax. The median Tmax under reference conditions was 4.25 h (time points on
quarter-hour intervals were considered). It varied only �0.25 h for all other examined
conditions, except in study NC-005, where it was 6.5 h. This was suspected to be
spurious, but since there were no observations between 4 and 8 h postdose in that
study it could not be readily rejected.

Half-life. The median half-life (t1/2) for the reference conditions was 18 h. For all
other conditions, the median half-life was between 10 and 30 h.

DISCUSSION

The benefits of modeling are said to include the simplification of complex systems
and integration of diverse data (15, 17). Sometimes the pursuits of these benefits
collide. This modeling of the PopPK of pretomanid may represent such a collision. At
a given dose, under particular conditions and in a particular population, pretomanid PK
can be described by a simple linear one-compartment model, although its late Tmax

requires the added complexity of transit compartments to characterize absorption.
Integrating data from 14 studies with a 30-fold range of doses (50 to 1,500 mg), varying
and even uncertain dosing conditions with respect to food, and various populations
(healthy subjects and patients with diverse drug resistance levels of TB, with or without
HIV and comedications for both diseases), led to a final model with 37 fixed-effect and

FIG 2 Forest plot of simulation results for Cavg,ss.
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21 random-effect parameters. The model’s simplicity may be difficult to discern in Table
1. Nonetheless, in addition to the structural simplicity described above, it may be
concluded that the only clinically relevant intrinsic and extrinsic associations at the
recommended clinical dose of 200 mg are the approximate halving of exposure for
fasted conditions relative to fed subjects and in HIV� subjects taking efavirenz.

As discussed in the introduction, such a PopPK model is a step in the process of
characterizing the relationship between dose and response. One subsequent use of the
model is therefore to graduate and interpolate the sparsely collected PK data that went
into the model in order to quantify exposure/response relationships for simultaneously
collected clinical data. The model’s goodness of fit indicates its aptness for such a
purpose.

Another planned application of the model is for decision making about doses in
future contexts, such as in pediatrics. For such purposes, it is important to gain
confidence in the model by its ability to predict new data, so-called external validation
(15, 16). Such a test of the model is planned when predictions from it will be compared
against data arising from the ongoing ZeNix, SimpliciTB, renal impairment, and hepatic
impairment studies, as well as a planned relative bioavailability study for the pediatric
formulation.

MATERIALS AND METHODS
Data. Data were pooled from 14 clinical studies: CL-001 and CL-002 (7), CL-003 and CL-009 (6), CL-005

(18), CL-007 (19), CL-010 (20), DMID 10 – 0058 (https://clinicaltrials.gov/ct2/show/NCT01674218), NC-001
(21), NC-002 (22), NC-003 (23), NC-005 (3), STAND (https://clinicaltrials.gov/ct2/show/NCT02342886), and
Nix-TB (2). Further details may be found in Table S1 in the supplemental material.

Observations with missing sample time were excluded from the analysis. Dosing times were not
recorded in the four patient studies with dosing durations of �8 weeks, except for doses administered
immediately after trough PK samples. Unrecorded dosing times were imputed based on an assumed, regular
pattern of q.d. dosing or based on the recorded times of adjacent PK samples. Data below the quantification
limit (BQL) were excluded from the analysis. Only 3.3% of post-first-dose observations were BQL.

Baseline values for covariates were used in data set construction except for time-dependent histories
of antiretroviral comedications (on/off). For the remarkably few baseline covariate values that were
missing, attempts were made to replace the missing value with a screening (or other pre-first-dose) value
or to determine a reasonable replacement value. In cases where no reasonable replacement value was
found, the covariate was imputed as the median (for continuous covariates) or mode (for categorical
covariates) of all subjects within the same study having at least one non-BQL concentration record.

Outliers were identified by visual inspection of the raw data and were excluded. Examples of
conditions that might have led to such identification were supposed trough values that were unusually
high, as if the samples were collected postdose and not predose, or values supposedly around Tmax that
were unusually low, as if the sampling time was erroneous. Some outliers were also identified by large
values of conditional weighted residuals. These were assessed visually for potential removal.

Winsorization was applied to all continuous covariates to limit the impact of extreme covariate
values. For each covariate, values outside the median � five times the standard deviation were censored
to the boundary of that range. Only 21 such cases were found out of 9 continuous covariates for 1,054
subjects, which was 0.22% of the total covariate values used.

Modeling methodology. The approximate maximum-likelihood FOCE INTER method of NONMEM
version 7.3 was used to estimate the parameters of the models. Standard methods for population PK
model building and assessment (16) were employed. Model development decisions were based on
objective-function values, likelihood ratio tests, parameter plausibility, standard error estimates, and
diagnostic checks. More complex models were constructed by successively testing, via backward
elimination, terms that contained additional parameters to be estimated. Because there were many such
tests, in order to promote parsimony, the additional terms were retained if the chi-square approximation
to the likelihood ratio test yielded a P value of �0.001. Changes in NONMEM objective function
corresponding to P � 0.001 for one, two, three, four, five, and six parameters are 10.8, 13.8, 16.3, 18.5,
20.5, and 22.5, respectively, for the nested models.

Because of the large data set with multiple disease-state populations, regimen partners, and a variety
of covariates, a staged model-building strategy was prespecified. In this, studies were added to the
model in stages with study groupings selected to best inform a limited set of covariates in each stage.
Model building began before data were available from the Nix-TB study; therefore, it was decided to
undertake complete model development from base through final models using data from all the studies
except Nix-TB. Then, data from Nix-TB were added, and a final post-Nix model was identified.

The following methodology description contains a mix of the prespecified modeling and key
intermediate decision making, thus preserving the Results section for description of the final model.

Pre-Nix model. Base model development began with studies (or arms) in which pretomanid was
dosed alone (studies CL-001, CL-002, CL-003, CL-005, CL-007, CL-009, and CL-010, as well as the two
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pretomanid-alone arms of DMID 10-0058). The goal was to select the structural model and the roles of
four preselected covariates (food, dose, disease state [DS-TB and HS], and weight) in it.

A one-compartment model with three transit compartments to represent lagged absorption best
represented these data. Covariates included the effect of weight (WT) on CL and V2 and the effects of
fed/fasted status and dose on F1, KA, and MTT. After diagnostic assessment, further additions to the
model included a two-step CL (with initial and steady-state CL), a dose-dependent V2 (possibly as a proxy for
concentration-dependent binding), and a generalized power error model (12) of the form: Y � F �

F�	1 � 	2, where 	2 � N(0,
2
2) is the additive error, 	1 � N(0,
1

2) is the proportional error, and � is the power.
(A value of 1 for � reverts to the standard additive and proportional error model). An added parameter
allowing for an effect on F1 for fed subjects dosed 1,000 mg significantly improved model fit. Since the clinical
dose was expected to be around 200 mg, this step was taken to reduce impact of this odd data. A random
effect on the dose effect for fed subjects also significantly improved model fit.

The next step in modeling was to examine potential influences on pretomanid PK of coadministered
anti-TB agents bedaquiline, moxifloxacin, pyrazinamide, and clofazimine (BDQ, MOX, PZA, and CFZ). The
analysis data set was augmented with NC-001; NC-003; the DS-TB arms of NC-002, NC-005, and NC-006;
and the pretomanid plus MOX arm of DMID 10-0058. The greatest concerns with drug interactions were
effects on clearance, which might impact bioavailability through first-pass effects. Therefore, possible
effects of these four drugs were assessed on clearance and bioavailability.

Because of the varying and/or uncertain fed/fasted conditions in studies NC-002, NC-003, NC-005,
and NC-006, study indicators were defined as covariates to allow study-specific adjustment to the food
effects on F1, KA, and MTT, as well as effects on the variability of these parameters.

To assess the impact of MDR-TB on the PK of pretomanid, the MDR-TB arms of studies NC-002,
NC-005, and NC-006 were added to the data set in this modeling step, and the MDR covariate was tested
on CL, V2, KA, and F1. In studies NC-002 and NC-006, MDR patients received PaMZ, as did DS patients.
However, in study NC-005, MDR-TB subjects received BPaMZ, whereas DS-TB patients received BPaZ. The
impact of regmen BPaMZ on F1 and CL was also assessed at this step.

Next, the impacts of HIV status and antiretroviral (ARV) drugs on the PK of pretomanid were tested
in the model. The effects of efavirenz (EFV) on F1 and CL and the effect of lopinavir/ritonavir (LPVR) on
CL were added to the model (based on previous analysis). Other, less-prevalent, ARV drugs were planned
to be grouped as inducers (INDUC) or inhibitors (INHIB) for testing on CL, but no subjects were on
alternative inhibitors.

The effects of age, sex, race, and BMI, were assessed in the next modeling step. So too were baseline
values of AST, ALT, total bilirubin, albumin, creatinine clearance (CLCR), and eGFR on CL and F1. (Studies
of pretomanid in hepatically and renally impaired subjects are ongoing. In two mass-balance studies,
�1% of the parent drug was excreted in the urine. Nonetheless, renal impairment can affect nonrenal
aspects of drug absorption, metabolism, and distribution [24].) In addition, the effect of albumin on V2
was considered based on possible impact on protein binding; and the effects of a high dose (dose �
200 mg) on female subjects’ CL, KA, and MTT levels were tested based on noted gender differences in
half-life at 1,000 mg in study CL-003 that were not seen at lower doses in study CL-009.

Covariances of interindividual random effects and interoccasion variability on F1 and CL were then
assessed.

Final model. The final step of model building commenced with the availability and addition of the
Nix-TB study data. Nix-TB introduced two new elements: (i) new disease states (XDR-TB, TI-MDR-TB, and
NR-MDR-TB) and (ii) a new regimen that included linezolid (not previously examined) and bedaquiline.
Some ARV drugs that were inhibitors of CYP3A4 were found, but only in two subjects contributing only
three observations, so inhibiting ARV drugs were not evaluated as covariates.

The ability of the final pre-Nix model to predict the data from Nix-TB was checked by means of a
visual predictive check (VPC) without re-estimation of parameters. The data were deemed not to be
sufficiently well characterized by the model. Additional model building was necessary.

Model parameters were added to test the impacts of new disease states (XDR, TI-MDR, and NR-MDR)
on CL and V2 and of NIX (study) as a covariate on F1, KA, and MTT (since the fed conditions in the study
were uncertain) and of NIX (study) as a covariate on CL and F1 (to test the impact of the new regimen
BPaL). After testing, the following were retained: the effect of either XDR-TB or NR-MDR-TB on CL, the
effect of XDR-TB on V2, and the effect of study Nix-TB on F1.

This final model candidate was assessed via prediction- and simulation-based diagnostics, but found
to be insufficient for prediction of the Nix-TB data in two key ways: (i) for the week 2, 8 and 16 troughs,
the model predicted a steady state, but the trough concentration data diminished over time, and (ii) for
the week 16 profiles, the model, by design, assumed lognormal distributions for random effects.
However, the distribution of data appeared to be more skewed than what would be expected under such
assumptions.

One possible explanation for the decreasing trough concentrations was the improved health status,
including increased body weights, of subjects over time. Examination of the increased body weights
showed that very few subjects had a greater than 10% increase in body weight by week 16, and many
subjects lost weight. So, changing weight was insufficient to explain the decreasing concentrations.

Covariates were added to allow the CL (or F1) for Nix-TB study patients to increase (or decrease) at
weeks 6 and 12. After testing, only the step-up in CL at week 6 was found to be significant and was
retained.

To attempt to accommodate the longer-tailed distribution, Box-Cox-transformed variability was
tested on CL and V2, with a separate shape parameter for Nix-TB versus other studies. These were found
to provide significant improvement to the objective function (an �88-point improvement in objective
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function for four additional parameters) and to VPCs. With the addition of the week 6 step-up in CL and
changes in distributions, the effect of the disease state XDR or NR-MDR on CL was no longer significantly
different from the effect of MDR (including TI-MDR) on CL, and the two parameters were combined into one.

In summary, addition of the effect of disease-state subpopulation XDR-TB on V2 and study Nix-TB on
F1 and the variability of F1, plus the four Box-Cox transformed variability shape parameters (for CL and
V2 in Nix-TB and non-Nix-TB studies), constituted the final post-Nix model.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC

.00907-19.
SUPPLEMENTAL FILE S1, PDF file, 6.5 MB.
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