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Aims: To externally validate an earlier characterized relationship between bedaquiline

exposure and decline in bacterial load in a more difficult-to-treat patient population,

and to explore the performances of alternative dosing regimens through simulations.

Methods: The bedaquiline exposure–response relationship was validated using time-

to-positivity data from 233 newly diagnosed or treatment-experienced patients with

drug-resistant tuberculosis from the C209 open-label study. The significance of the

exposure–response relationship on the bacterial clearance was compared to a con-

stant drug effect model. Tuberculosis resistance type and the presence and duration

of antituberculosis pre-treatment were evaluated as additional covariates. Alternative

dosing regimens were simulated for tuberculosis patients with different types of drug

resistance.

Results: High bedaquiline concentrations were confirmed to be associated with

faster bacterial load decline in patients, given that the exposure–effect relationship

provided a significantly better fit than the constant drug effect (relative likeli-

hood = 0.0003). The half-life of bacterial clearance was identified to be 22% longer in

patients with pre-extensively drug-resistant (pre-XDR) tuberculosis (TB) and 86% lon-

ger in patients with extensively drug-resistant (XDR) TB, compared to patients with

multidrug-resistant (MDR) TB. Achievement of the same treatment response for

(pre-)XDR TB patients as for MDR TB patients would be possible by adjusting the

dose and dosing frequency. Furthermore, daily bedaquiline administration as in the

ZeNix regimen, was predicted to be as effective as the approved regimen.

Conclusion: The confirmed bedaquiline exposure–response relationship offers the

possibility to predict efficacy under alternative dosing regimens, and provides a use-

ful tool for potential treatment optimization.

K E YWORD S

bedaquiline, modelling, multidrug-resistance, nonlinear mixed-effect, sputum culture

conversion, time-to-positivity, tuberculosis

The principal investigator of C209 clinical trial is not 1 of the authors since anonymized data from the study were obtained while shared through the European PreDiCT-TB consortium

(http://www.predict-tb.eu/). Results and outcomes from the C209 clinical trial have already been published (DOI:10.1183/13993003.00724-2015).

Received: 20 June 2019 Revised: 22 November 2019 Accepted: 29 November 2019

DOI: 10.1111/bcp.14199

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2019 The Authors. British Journal of Clinical Pharmacology published by John Wiley & Sons Ltd on behalf of British Pharmacological Society

Br J Clin Pharmacol. 2020;86:913–922. wileyonlinelibrary.com/journal/bcp 913

https://orcid.org/0000-0002-1115-3809
https://orcid.org/0000-0002-0093-6445
mailto:elin.svensson@farmbio.uu.se
http://www.predict-tb.eu/
https://doi.org/10.1183/13993003.00724-2015
https://doi.org/10.1111/bcp.14199
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/bcp


1 | INTRODUCTION

After decades of limited treatment options for patients with drug-

resistant tuberculosis (TB), bedaquiline (BDQ) entered the market in

2012, providing hope for improved treatment outcomes, better

therapy tolerance and shortened treatment duration. BDQ was

approved on the basis of 2 Phase IIb studies involving 440 patients

(randomized placebo-controlled trial C208 [ClinicalTrials.gov; number

NCT00449644] and open-label trial C209 [ClinicalTrials.gov; number

NCT00910871]). The drug showed the ability to shorten the time

to sputum culture conversion (TSCC) as well as to increase the cure

rate at 24 and 120 weeks compared to placebo.1,2 Since 2013,

BDQ has been recommended for the treatment of multidrug-

resistant (MDR) TB by the World Health Organization and is cur-

rently being implemented at the programme level.3 Emerging results

from the use of BDQ around the world show that sputum culture

conversion rates are improved when BDQ is added to a background

regimen.4-7

To evaluate the relationship between drug exposure and treat-

ment responses (e.g. decrease in bacterial load), quantitative mea-

surements such as time to positivity in liquid media perform better

than methods implementing secondary derived metrics, e.g. sputum

culture conversion (SCC).1,8 In this work, we have re-evaluated an

earlier presented quantitative model, called the reference model [8].

This model is able to describe a relationship between BDQ exposure

(average concentration of BDQ [mg/L] per week) and the decline of

bacterial load in patients, where the original analysis of the same

data could not identify any exposure–response relationship by using

TSCC.1 The model suggests that under the approved regimen, BDQ

levels are not achieving the maximal possible effect and that higher

exposures early in the treatment process may lead to faster clearing

of the infection. The current dosing of BDQ includes a loading

phase of 2 weeks with 400 mg daily (qd) administration and there-

after a continuation phase with 200 mg 3 times weekly. More sim-

plistic dosing schedules are being considered,9 and this work

illustrates that pharmacometric models can be a tool for evaluation

of such alternative regimens.

The objective of this work was to assess the previously defined

exposure–response relationship using data from a separate clinical

trial, to further explore patient profiles' heterogeneity as new

covariates, and to demonstrate the usefulness of dose–exposure–

response models as tools for dose refinement by performing

simulations.

2 | METHODS

2.1 | Clinical data and study design

This analysis used anonymized data obtained from the C209 phase IIb

clinical trial (TMC207-C209, ClinicalTrials.gov number NCT00910871)

sponsored by Janssen Pharmaceuticals, and shared through the

European PreDiCT-TB consortium (http://www.predict-tb.eu/).

Results and outcomes from the study have already been published.2

The trial was conducted in accordance with Good Clinical Practice

standards and received ethical approval from appropriate local author-

ities. C209 was a single-arm open-label study enrolling 233 newly

diagnosed or treatment-experienced patients (i.e. previously treated

for tuberculosis within 1 month before start of BDQ) with drug-

resistant TB. The trial involved patients with different degrees of drug

resistance: MDR (i.e. resistant to rifampicin and isoniazid), pre-

extensively drug-resistant (pre-XDR, i.e. MDR + additional resistance

to injectable second-line drugs or fluoroquinolones) and extensively

drug-resistant (XDR, i.e. MDR + additional resistance to injectable

second-line drugs and fluoroquinolones) TB.10 The patients received

24 weeks of BDQ on top of an individualized background regimen,

selected by the investigator at baseline, according to national and

international treatment guidelines.

Triplicate spot sputum samples were collected on the day prior to

start of treatment, at week 2, and then every fourth week from week

4 until week 24. Samples were cultured in mycobacterial growth indi-

cator tubes (MGIT) recording the time to positivity (TTP). Time to pos-

itivity is defined as the time from inoculation to the time when a

signal can be detected, i.e. when bacteria have consumed enough oxy-

gen within the tube to reach the critical threshold where the fluores-

cence probe is no longer quenched. The longer the time is, the lower

the bacterial load in the inoculum. Cultures without any signal after

42 days (or 1008 hours) are considered negative, i.e. no mycobacterial

growth is reported.

What is already known about this subject

• Higher bedaquiline concentrations have been associated

with faster decline in bacterial load in patients with drug-

resistant tuberculosis, and it has been suggested that the

maximal effect is not achieved under the approved

regimen.

• Novel dosing regimens for bedaquiline are currently

under consideration.

• Pharmacometric models can support clinical trial design

as well as the processes of treatment refinement.

What this study adds

• The relationship between bedaquiline exposures and

decline in bacterial load was confirmed using sparse and

heterogeneous data.

• Different treatment responses were identified for pre-

treated patients as well as for patients with different

degrees of drug resistance.

• A regimen with daily administration of bedaquiline was

predicted to be as effective as the less practical approved

regimen.
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2.2 | The reference model [8]

The structure of the previously developed model includes 3 linked

components:

i. A longitudinal representation of bacterial load in the patient

(Bpatient), described by a mono-exponential decline function

ii. The probability of bacterial presence in sputum derived from the

bacterial load in the patient

iii. A time-to-event model where the inoculum and bacterial growth

in the MGIT are linked to TTP

A schematic overview of the model is illustrated in Figure 1 and fur-

ther description of the model can be found in Appendix A.1. An exam-

ple of the model code and dataset used is available in Appendices A.2

and A.3.

The C208 study1 (data used for the reference model develop-

ment) mainly differed from the C209 study by 2 aspects: the targeted

population and the study design. The C208 study enrolled only newly

diagnosed patients, receiving BDQ or placebo on top of an optimized

background regimen of 5 drugs (kanamycin, ofloxacin, ethionamide,

pyrazinamide and terizidone). In C208, sputum samples were drawn

every week until week 8 and thereafter every second week.

2.3 | Modelling strategy

2.3.1 | Exposure–response relationship evaluation

The exposure–response model was compared to a constant drug

effect model (receiving or not BDQ on top of the background regi-

men). The exposure–response effect consisted of an Emax-type

function affecting the half-life of the decline of the mycobacterial

load in patients (HLBpatient), where the maximum effect has been

fixed to 100% inhibition and the exposure dependence linked to the

weekly average concentration of BDQ. The constant drug effect

model included the same effect on HLBpatient for all patients receiv-

ing BDQ, regardless of their individual BDQ concentration. This

effect was set to 0 before start of BDQ treatment (between the

screening visit and the first BDQ dose), mimicking a step function.

The 2 models were applied to C209 data by using fixed population

parameters values obtained from the C208 study. Individual BDQ

weekly average concentrations were derived using a previously

developed pharmacokinetic model11 based on 3 measurements

(at weeks 2, 12 and 24) of BDQ concentrations in plasma. The per-

formance of the models' ability to describe the C209 data were

compared using the models' relative likelihood (Equation (1)). The

relative likelihood can be interpreted as the probability of model i to

F IGURE 1 Schematic
representation of the reference
model. Adapted from Svensson
and Karlsson.8 Bpatient, bacterial
load in patient; Bsputum, bacterial
load in MGIT; MGIT,
mycobacteria growth indicator
tube; TAST, time after start of
treatment; t, time in MGIT after

inoculation
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describe the data as well the data as a model with the minimum

log-likelihood value (min).

Relative likelihood= e− −2Log likelihoodi − −2 Log likelihoodminð Þð Þ=2 = e− OFVi −OFVminð Þ=2

ð1Þ

where OFV stands for objective function value.

2.3.2 | Model refinement and covariate analysis

Following the comparison between the 2 models established from

study C208, the exposure–response model was updated using infor-

mation from both studies. Data from C209 were analysed using

prior knowledge. The final parameter estimates from the C208 anal-

ysis provided information about the probability distributions of the

parameters and served as a starting point to help stabilizing the esti-

mation process.12 Using the NONMEM NWPRI PRIOR subroutine,

the variance–covariance matrix and derived degrees of freedom

from C208, were implemented as priors. The use of priors in the

estimation process imposes a penalty on the objective function

value (OFV) which is derived from a normal–inverse Wishart

distribution.

Kaplan–Meier visual predictive checks (VPCs) of TTP stratified on

week after start of treatment and VPCs of the probability of a positive

MGIT readout over time after start of treatment were used to evalu-

ate the models. Posterior predictive checks of time to sputum culture

conversion (based on observed and model simulated datasets

(n = 100)) were also performed. Sputum culture conversion was

defined as the first of 2 visits with no positive cultures obtained at

least 25 days apart. Estimates of parameter precision were obtained

from a sampling–importance–resampling procedure.13,14

The impact of additional covariates (in addition to those already

implemented in the C208 model) on mycobacterial load in patients

was explored. Based on design and patient-related characteristics, the

following covariates were considered: the type of drug resistance

(TBtype) in 3 distinct groups (MDR, pre-XDR, XDR) and the presence

(p_preT) and duration (d_preT; in case pre-treatment was present) of

TB pre-treatment before start of study. A mixture model served to

assign a patient with missing covariate data to the most probable sub-

population, given the overall population and the patient's recorded

information.15 Additionally, when covariate information was missing,

methods such as omission of the patient's records with missing value

and median/mode imputation were evaluated in a sensitivity analysis.

Model discrimination for inclusion of covariates was based on differ-

ences in OFV with a 5% statistically significant level (3.84 points for

1 degree of freedom).

2.3.3 | Evaluation of alternative dosing regimens

The treatment response was quantified by 3 specific metrics: the

median TSCC and the proportion of patients without SCC at week

8 and at week 20, respectively. The following research questions were

explored:

• What dose regimen would treatment-naïve patients with pre-XDR

and XDR TB need to achieve the same MGIT response as patients

with MDR TB (i.e. median TSCC of 7 weeks)?

• What MGIT response does the model predict for the alternative

dosing regimen used in the ZeNix trial?

The ZeNix clinical trial (ClinicalTrials.gov number NCT03086486) eval-

uates the safety and efficacy of linezolid, BDQ and pretomanid as

combination therapy in patients with drug-resistant TB. BDQ is

administered for 8 weeks at the dose of 200 mg once daily and there-

after 100 mg once daily until week 26. The expected results from

ZeNix were compared to the approved BDQ dosing regimen, assum-

ing similar effectiveness of the ZeNix background regimen as the

C208/C209 background regimen.

The BDQ weekly average concentrations were derived with a

published pharmacokinetic model11 and were used as input in the

updated exposure–response model to perform the simulations for

treatment-naïve patients with MDR, pre-XDR and XDR TB.

2.4 | Software

Data analysis was performed with the nonlinear mixed effects model-

ling software NONMEM version 7.3,16 using the second-order condi-

tional LAPLACE estimation method. All modelling procedures were

executed using PsN,17-19 version 4.7.9. Data management was per-

formed with the R software (http://cran.r-project.org/) version 3.4.2,

and diagnostics plots generated with the package Xpose version

4.5.3.19,20 Model and run management was performed using Pirana,

version 2.9.6.19,21

3 | RESULTS

3.1 | Clinical data

The analysis included 206 patients out of 233 from the C209 trial

(reasons for exclusion are described in Appendix A.4.). In total, 3628

observations of TTP measurements were recorded, among them 1077

were positive. Patient characteristics used as covariates are presented

in Table 1 and compared to the values in the reference model. Further

description of patients' demographics stratified by type of drug resis-

tance can be found in Appendix A.5.

3.2 | Exposure–response relationship evaluation

The evaluation of the exposure–response effect model and the con-

stant drug effect model on C209 data, resulted in a 16-point differ-

ence in objective function value (−2Log likelihoodi –[−2Log
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likelihoodmin]) in favour of the exposure–response effect model. The

quantification of the loss of information between the exposure–

response model and constant drug effect model revealed that the

constant drug effect model has a relative likelihood of 0.0003 in

relation to the exposure–response model (e–16/2 = 0.0003). Another

interpretation would be to say that the constant drug effect model

is 0.0003 times as probable as the exposure–response model to

minimize the information loss. This confirmed that the model includ-

ing the exposure–response effect was appropriate to adopt.

3.3 | Covariate analysis

The reference analysis (based on C208 data) established that

patients with pre-XDR or XDR TB are slower than patients with

MDR TB to clear out the bacteria from the body (28.1% longer

half-life of the mycobacterial load).8 The larger proportion of

patients with XDR TB in the C209 study (16% compared to 5% in

the C208 study; Table 1) enabled to discriminate between the

effects of pre-XDR and XDR drug resistance on the half-life of the

decline in mycobacterial load (COVTBtype, Equation (2)). Patients with

pre-XDR TB exhibited 21.6% longer half-life whereas the patients

with XDR TB had 85.6% longer half-life, compared to patients with

MDR TB. Patients with missing information about degree of TB

resistance (24%) or with drug sensitive TB (1%) were assigned to

the MDR group, as in the reference model. The model was insensi-

tive to the different tested methods for handling of missing data

(mixture model,22 omission or implementation as MDR). Additionally,

the analysis also established that patients who received TB treat-

ment within 1 month before start of BDQ had a 27.6% longer half-

life of mycobacterial load than treatment-naïve patients (COVp_preT,

Equation (2)).

HLBpatient,i =HLBpatient* 1−
wCav ,i

EC50 +wCav, i

� �

* 1+ TBtypei*COVTBtypeð Þ* 1 + p preTi*COVp preTð Þ*eηHLBpatient; BoxCox
ð2Þ

The VPCs of the final model (Figure 2) demonstrate a good predictive

performance in terms of describing TTP data as binary

(positive/negative) information (Figure 2A) and quantitative continu-

ous (Figure 2B). The figure also presents the ability of the model to

capture longer treatment times required for patients with pre-XDR

and XDR TB to achieve median time to SCC (9 and 14 weeks respec-

tively, vs 7 weeks for patients with MDR TB; Figure 2C). The parame-

ter estimates and their uncertainty displayed in Table 2 are consistent

with the previous findings of the C208 analysis.

3.4 | Evaluation of alternative dosing regimens

3.4.1 | Simulated response for patients with (pre-)
XDR TB

Simulation of TSCC profiles suggested that increasing the dose and

switching to a once-daily dosing throughout the 24 weeks of treat-

ment for both patients with pre-XDR and XDR TB would be needed

to achieve the same efficacy profile as patients with MDR TB (Table 3

and Figure A.6).

For patients with pre-XDR TB to reach the same median TSCC

and percentage of patients without SCC at week 8 and 20 as patients

with MDR TB, an increase in daily BDQ doses by 25% for the loading

phase and 133% for the maintenance phase would be required

(i.e. 500 mg for 2 weeks, thereafter 200 mg qd). For patients with XDR

TB the corresponding increases would need to be 150% and 483%,

respectively (i.e. 1000mg qd for 2 weeks, thereafter 500mg qd).

3.4.2 | Predicted performances of the ZeNix trial

For the ZeNix dosing regimen, similar treatment outcomes as the

standard dosing regimen for BDQ were predicted (Figure 3).

TABLE 1 Summary of C209 patients characteristics used as
covariates in the model, compared to C208 patient characteristics
reported in the reference publication 8

Variable

C209

(n=233 patients)

C208

(n=206 patients)

Mean TTP at baseline* [days]

Median 14.4 6.8

Range 3.3-42 2.3-42

BDQ weekly average concentration at week 2** [mg/L]†

Median 1.6 NR

Range 0.068-4.4 NR

TB drug resistance type [n(%)]

MDR 93 (40%) 96 (46%)

pre-XDR 44 (19%) 53 (25%)

XDR 38 (16%) 11 (5%)

Drug sensitive 3 (1%) 8 (4%)

Missing 55 (24%) 39 (20%)

TB pre-treatment - presence [n(%)]

Yes 211 (91%) 0 (0%)

No 22 (9%) 206 (100%)

TB pre-treatment - duration*** [days]

Median 54 NA

Range 4-2638 NA

BDQ, bedaquiline; MDR, multidrug-resistant; NA, not applicable; NR, not

reported; TB, tuberculosis; TB pre-treatment—presence, the number of

patients who got TB treatment within 1 month before start of BDQ; TB

pre-treatment—duration, the length of the period of TB treatment before

BDQ start; TTP, time-to-positivity; XDR, extensively drug-resistant.

*Mean of the triplicate samples, n =227 patients/C209; n =191

patients/C208.

**n=217 patients/C209.

***n=201 patients/C209.
†Calculated from AUC0-168h after dose 7 (400 mg)
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4 | DISCUSSION

In this pharmacometric framework, we successfully externally vali-

dated a previously reported exposure–response relationship between

BDQ weekly average concentrations and mycobacterial load in

patients, using external data from an interventional open-label phase

IIb study. Thus, we confirmed the relevance of the exposure–response

relationship and could also further characterise the impact of study

design and patient characteristics. Additionally, this work was broad-

ened to demonstrate the usefulness of model-based approaches to

predict efficacy of novel dosing regimens with simulations.

Accounting for the exposure–effect relationship was significantly

better than just accounting for having BDQ in the treatment (relative

likelihood = 0.0003), confirming the importance of adequate BDQ

exposure levels for desired treatment response. The typical BDQ

weekly average concentration required to achieve half of the

expected maximal drug effect (i.e. shortening of the half-life of bacte-

rial clearance), was 1.57 mg/L (95%CI 1.26–1.98) with C209 data. This

finding corresponds approximately to the median observed average

concentrations at week 2 of treatment and is in line with the prece-

dent results (1.42 mg/L).8

The wider inclusion criteria of the C209 study, depicted a more

real-world landscape compared to the C208 study; therefore, more

heterogeneous patients' profiles were available for analysis. The

broader range of drug-resistance types allowed us to establish that

the more sever the drug resistance (MDR, pre-XDR, and XDR) is,

the longer it will take to clear the bacteria. The model estimates

translate to a median TSCC of 7 weeks for patients with MDR TB

vs 9 weeks for patients with pre-XDR TB and 14 weeks for patients

with XDR TB. The 2 most likely reasons for the observed difference

F IGURE 2 Model evaluation by graphical analysis. Panel (A) describes the probability of having a positive sample vs time stratified by
tuberculosis resistance group. The solid lines represent the proportion of positive samples and the shaded areas the 95% confidence intervals of
the simulated data. Panel (B) represents the time to positivity in mycobacteria growth indicator tube (MGIT) per week on treatment. The solid
lines represent the observed time to positivity and the shaded areas the 95% confidence intervals based on model simulations of time to
positivity. Panel (C) displays the posterior predictive check of time to SCC. The solid lines represent the observed time to SCC and the shaded
areas the 95% prediction intervals based on time to sputum culture conversion calculated from model simulations of time to positivity. The
vertical dashes represent censoring events in the real data set. MDR, multidrug-resistance; XDR, extensive drug-resistance
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TABLE 2 Parameters estimates and uncertainty of the final model

Submodel Parameters [unit] Value [95% CI]

Bacterial load in patients N0 Bpatient [number of bacteria/inoculum]

HL Bpatient [weeks]

IIV HL Bpatient (variance)

BoxCox transformation IIV HL Bpatient

EC50 BDQ effect on HL Bpatient [mg/L]

Baseline TTP effect on N0 Bpatient

pre-XDR effect on HL Bpatient [%]

XDR effect on HL Bpatient [%]

p_preT effect on HL Bpatient [%]

IOV sputum sampling Bpatient (variance)

522 [391; 684]

0.90 [0.81; 0.97]

0.57 [0.46; 0.73]

0.57 [0.38; 0.83]

1.57 [1.26; 1.98]

−3.65 [−3.95; -3.37]
21.6 [5.7; 39.9]

85.6 [38.3; 156.5]

27.6 [10.7; 51.0]

3.71 FIXa

Probability of bacterial presence Pmax bacterial presence

Bpatient50

0.969 FIXa

0.5 FIXa

Growth in MGIT Kgrowth [1/(day*bacteria)] 3.37 × 10−6

[3.06 × 10−6; 3.73 × 10−6]

Bsputummax [number of bacteria] 1.68 × 105

[1.47 × 105; 1.89 × 105]

Scaling of hazard 2.63 × 10−6

[2.24 × 10−6; 3.15 × 10−6]

BDQ, bedaquiline; Bpatient50, bacterial load in patient corresponding to 50% of Pmax; Kgrowth, growth rate in MGIT; Bsputummax, maximum bacteria

carrying capacity in MGIT; CI, confidence interval; N0, bacterial load in patient at time 0; IIV, inter-individual variability; HL, Half-life of bacterial decline in

patient; MGIT, mycobacterial growth indicator tube; Pmax, maximal probability; p_preT, presence of TB pre-treatment.
aParameter fixed to the same value used in C208 analysis.

TABLE 3 Standard and alternative dosing regimens simulations for treatment-naïve MDR, pre-XDR and XDR TB patients

Standard dosing regimen Alternative dosing regimen

400 mg qd 2 weeks,
then 200 mg q3w

500 mg qd 2 weeks,
then 200 mg qd

1000 mg qd 2 weeks,
then 500 mg qd

MDR pre-XDR XDR pre-XDR XDR

Median time to SCC (weeks) 7 9 14 7 7

% of patient without SCC at week 8 42 50 73 42 40

% of patient without SCC at week 20 14 18 31 13 12

MDR, multidrug-resistance; XDR, extensive drug-resistance; SCC, sputum culture conversion; qd, once daily; q3w, 3 times a week

F IGURE 3 Kaplan–Meier plot of expected
treatment response. Prediction of the Zenix trial
performances, for multidrug-resistance (MDR; red
dotted line), pre-extensive drug-resistance (XDR;

purple dot–dashed line) and XDR (blue dashed
line) patients, compared with the standard dosing
regimen of bedaquiline (respective colored full
lines). ZeNix trial: 100 mg qd 8 weeks, followed by
200 mg qd 16 weeks. Standard dosing regimen:
400 mg qd 2 weeks, followed by 200 mg q3w
22 weeks

TANNEAU ET AL. 919



are less efficient background regimen in patients with pre-XDR and

XDR TB and a difference in disease severity. It is reasonable to

expect that patients with XDR TB have carried the infection longer

and therefore have a more advance pathophysiology. The latter

would lead to a slower treatment response since drug distribution

to the sites where mycobacteria reside is severely limited in cavitat-

ing disease.23 Patients who were pretreated, e.g. had other TB ther-

apy within a month of starting BDQ in study C209, exhibited

slower clearance of the bacteria. One possible explanation is that

after receiving some TB therapy, multiplying bacteria are already

cleared whereas nonmultiplying bacteria or persisters remain, being

then more difficult to clear from the body.24-27 Other possible

explanations are bias from patient selection, different effectiveness

of the background TB regimen, or a multiphasic mechanism of bac-

terial clearance not captured by the model. Nonetheless, because of

the lower starting bacterial load (15.1 days for pretreated patients

vs 7.5 days for treatment-naïve patients), pretreated patients still

achieve SCC faster than treatment-naïve patients. This is in line

with the outcome from the clinical trials (median TSCC of 57 days

in C209 where 91% of the patients were pretreated vs 83 days in

the BDQ arm of C208 stage 2 which had no pretreated patients).

The estimate of the half-life of bacterial decline in treatment-naïve

patients in C209 is consistent with what was found in C208

(0.90 days [95%CI 0.81–0.97] in C209 and 0.81 days [95%CI

0.71–0.93] in C208).

Finally, we demonstrated how a model-based approach allows

prediction of expected outcomes of alternative dosing regimens,

based on the newly established covariates relationships with C209

data. First, we demonstrated that with a semi-mechanistic approach

accounting for type of drug resistance, it would be possible to suggest

dosing regimens adapted to each TB patients' subpopulation (Table 3)

aiming for the same treatment response for everyone. For example,

BDQ exposures after dose adjustment proposed for patients with

pre-XDR TB would be in the same range as BDQ exposures obtained

when BDQ is co-administered with lopinavir/ritonavir.28 The much

higher raise required to achieve the model-predicted exposure suit-

able for patients with XDR TB (increase of 483%) would result in con-

centrations well above those previously studied. A main safety

concern is the QT-prolongation. However, model-based analysis pre-

dicts that the maximal QT-prolongation is achieved already at expo-

sures achieved with standard dosing.29 Elevation of liver enzymes,

another safety concern, does not appear to have an exposure–

response relation in the studied interval.30 Taken together it is

encouraging that higher exposures suitable to treat patients with XDR

TB may be safe; however, given that the exposure required markedly

exceeds present exposures to BDQ and its metabolite, additional

studies are needed. Secondly, we checked that the practical ZeNix

dosing schedule for BDQ31 (200 mg daily for 8 weeks and then

100 mg daily for 16 weeks) displays similar treatment response profile

as with the approved dosing regimen (Figure 3). A daily regimen would

be more convenient for the patient, simpler for treatment

programmes to implement, and easier to include in a fixed-dose

combination.32

While this work focused on the newly introduced covariate,

other scenarios could have been evaluated based on pharmacokinet-

ics considerations. For instance, a patient with documented low

exposure (for example, through therapeutic drug monitoring) or

coadministration of a drug known to reduce BDQ concentrations

(e.g. efavirenz33) would require a dose adjustment to reach at

least the typical concentration levels at standard regimen. Besides,

model-based approaches of modelling TTP data could be

extended to the testing of other recently introduced regimens such

as the combination therapy of moxifloxacin, pretomanid and

pyrazinamide.34

There are some limitations and assumptions of the updated

exposure–response model. The study design of the C209 trial

included sparser sampling for TTP evaluation, compared to the C208

study which was used to develop the reference model. However, we

used priors to allow both studies to influence the final parameter esti-

mates. For some parameters, such as the variability between MGIT

replicates, the information was assumed to be supported by study

C208. For the other parameters, such as the separate estimates for

pre-XDR and XDR, all information comes from the C209 study which

alone contained such information. Moreover, due to limited pharma-

cokinetic data (predoses samples at 3 time points) and limited spread

in exposures (as all the patients were receiving the same dosing regi-

men), extrapolations outside the range of exposures obtained with

observed data are uncertain when exploring alternative dosing regi-

men (Table A.7) and must be considered carefully and as indicative

information. Knowledge of the distribution shape of the extrapolated

exposures is useful information to understand the risk associated with

such extrapolations (Figure A.8).

In summary, this study validates that exposure differences

observed with the recommended dose regimen are associated with

different expected treatment responses. Further, the developed

pharmacometric exposure–response model could be used to predict

efficacy for untested dosing regimens. However, to concretely sug-

gest novel dosing schedules, one needs to account for safety consid-

erations. It would therefore be of value to include the here validated

model of bacteriological response in an integrated efficacy and safety

framework.
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