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Abstract
Bedaquiline (BDQ) has shown great value in the treatment of multidrug- resistant 
tuberculosis (MDR- TB) in recent years. However, exposure– safety relationships 
must be explored to extend the use of BDQ. Two reported safety findings for BDQ 
are prolongation of the QTc interval and elevation of transaminase levels. In this 
study, we investigated the potential relationships between BDQ and/or its main 
metabolite (M2) pharmacokinetic (PK) metrics and QTcF interval or transami-
nase  levels  in  patients  with  MDR- TB  using  the  approved  dose  regimen.  Data 
from 429 patients with MDR- TB from two phase IIb studies were analyzed via 
nonlinear  mixed- effects  modeling.  Individual  model- predicted  concentrations 
and summary PK metrics were evaluated, respectively, in the QTcF interval and 
transaminase level exposure– response models. Investigation of further covariate 
effects was performed in both models. M2 concentrations were found to be re-
sponsible for the drug- related QTcF increase in a model accounting for circadian 
rhythm patterns, time on study, effect of concomitant medication with QT liabil-
ity, and patient demographics. Simulations with the final model suggested that 
doses higher  than  the approved dose  (leading  to  increased M2 concentrations) 
are not expected to lead to a critical QTcF interval increase. No exposure– safety 
relationship could be described with transaminase levels despite previous reports 
of higher levels in patients treated with BDQ. The developed longitudinal mod-
els characterized the role of M2 concentrations in QTc interval prolongation and 
found  no  concentration  dependency  for  transaminase  level  elevation,  together 
suggesting that BDQ exposure at the high end of the observed range may not be 
associated with a higher risk of safety events.

StudyHighlights
WHATISTHECURRENTKNOWLEDGEONTHETOPIC?
The following  two main adverse effects have been associated with bedaquiline 
use: QTc prolongation and elevated transaminase levels. Previous analyses have 
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INTRODUCTION

With approximately 10 million new cases and 1.4 million re-
lated deaths reported in 2019, tuberculosis (TB) was the most 
common cause of death attributed  to an  infectious disease 
globally before the emergence of coronavirus disease 2019.1 
The  situation  is  aggravated  by  drug  resistance  to  first- line 
treatment and limited therapeutic options for patients with 
multidrug- resistant TB (MDR- TB), which represent approxi-
mately 3.5% of all new TB cases per year. In 2012, bedaqui-
line  (BDQ)  was  approved  for  the  treatment  of  MDR- TB 
and  is  now  recommended  as  one  of  the  first- line  options 
for MDR- TB treatment and is widely used at the program-
matic level.2– 4 An exposure– response relationship has been 
established between BDQ exposures and the rate of decline 
in mycobacterial  load in patients,  indicating that  increased 
exposures  could  be  beneficial  for  the  treatment  response 
because higher BDQ concentrations generally lead to faster 
culture conversion.5,6 When considering higher doses, it is of 
importance to investigate if they can be safely administered.

The main potential adverse effect linked to BDQ admin-
istration  is  cardiac  QTc  interval  prolongation.  QTc  interval 
prolongation is the result of the blockade of potassium chan-
nels  that  delays  the  cardiac  repolarization  and  can  lead  to 
arrhythmias, such as torsade de pointes, a risk factor of sud-
den death. BDQ’s main metabolite  (M2)  levels were  found 
to  significantly  correlate  with  QTcF  prolongation,  whereas 
only  a  positive  trend  (nonsignificant  positive  correlation) 
was observed with BDQ concentrations.7,8 In the Nix- TB trial 
(NCT02333799), where BDQ was administered in a combina-
tion therapy, the effect of M2 concentrations on QTc interval 
was described by a linear model.9 Besides the potential effects 
of BDQ and M2 concentrations, the QTc interval is subjected 

to intrinsic variability because of the subject- related factors 
such as, for example, sex, age, high weight, circadian rhythm, 
food intake, or electrolyte disturbances.10 Furthermore, BDQ 
is always administered in combination with other TB drugs, 
and some of those have their own QT liability (e.g., clofazi-
mine, moxifloxacin).11 Hence,  there  is a need to character-
ize the relationship between QTcF interval prolongation and 
BDQ and/or M2 levels in a multifactorial context.

A second adverse effect that has been reported with BDQ 
use is an hepatic- related adverse drug reaction with the in-
crease of transaminase enzyme levels (alanine aminotrans-
ferase [ALT] and aspartate aminotransferase [AST]). Indeed, 
in stage 2 of the placebo- controlled clinical trial C208, trans-
aminase  elevation  (≥3  ×  upper  limit  of  normal)  occurred 
more  frequently  in  the  BDQ- treated  arm  compared  with 
the placebo arm (4 patients treated with BDQ versus none 
placebo- treated patients), but could not be related to BDQ 
intake on a case- by- case basis (using Hy's Law criteria to de-
termine potential BDQ- induced liver injury).11

This work aimed to describe the role of BDQ and/or M2 
exposure on safety aspects of BDQ administration and to es-
tablish exposure– safety relationships with QTc interval pro-
longation and/or transaminase level increases if relevant.

METHODS

Patientsanddata

Data  from  two  phase  IIb  studies  (C208,12  C20913)  were 
 obtained  through  the  European  PredictTB  consortium. 
The  trials  were  conducted  in  accordance  with  Good 
Clinical Practice standards and received ethical approvals 

reported  that higher doses of bedaquiline could be beneficial  for  treatment  re-
sponse, but the safety aspects of increased doses have not been explored.
WHATQUESTIONDIDTHISSTUDYADDRESS?
What are the relationships between bedaquiline and/or its main metabolite expo-
sures and QTcF prolongation or transaminase level increases?
WHATDOESTHISSTUDYADDTOOURKNOWLEDGE?
The main metabolite of bedaquiline is the driver of the drug- induced QTcF pro-
longation  in  a  multifactorial  context  influenced  by  circadian  rhythm,  time  on 
study, comedication with QT liability, and patient demographics. M2 concentra-
tions up to 1600 ng/mL are not expected to lead to higher risks of safety events. 
Hepatic  levels  increase was not  found to be correlated with bedaquiline or M2 
exposures.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/ORTHERAPEUTICS?
Now  that  both  exposure– response  and  exposure– safety  relationships  have 
been defined, a dose- exposure- efficacy- safety framework can be established for 
bedaquiline dose optimization.
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from appropriate local authorities. A total of 335 patients 
were treated with BDQ and 105 patients were treated with 
placebo, both on top of a background regimen of anti- TB 
drugs. The C208 study was a 2- stage, randomized, double- 
blinded,  placebo- controlled  trial  that  enrolled  patients 
who were newly diagnosed with MDR- TB. The C209 study 
was  a  single- arm,  open- label  trial  in  patients  who  were 
newly diagnosed with MDR- TB or treatment- experienced 
for MDR- TB. Patients received BDQ (400 mg once daily for 
2 weeks, then 200 mg three times a week) or placebo for 
24 weeks (or 8 weeks in stage 1 of the C208 study) in com-
bination with a background regimen of 5– 7 anti- TB drugs.

QT interval prolongation was assessed by electrocardio-
gram (ECG). QT interval is inversely proportional to heart 
rate;  hence  it  must  be  corrected  to  reliably  detect  abnor-
malities. In this analysis, QT measurements were corrected 
by using the Fridericia method (noted QTcF; Equation 1).14

where the RR interval represents the heart rate. Correction 
using Bazett's method (QTcB) was also considered, but ex-
ploratory plots showed that QTcF was less correlated with 
heart rate than QTcB (Figure S1).

Hepatic  measurements  and  ECG  were  recorded  in 
all patients, and the frequency is described in Figure S2. 
Hepatic measurements were  to be  taken before drug  in-
take and after a fasting period of 10 h. Single ECGs were 
performed before the drug intake and triplicate ECGs be-
fore the drug intake as well as 5 h postdose.

Pharmacokinetics

Individual  BDQ  and  M2  pharmacokinetic  (PK)  metrics 
were derived using a previously published PK model to-
gether  with  the  observed  PK  data,  which  included  rich 
sampling in the C208 study for most of the patients and 
single  samples  at  three  different  timepoints  for  all  pa-
tients  in  the C209 study.15 BDQ and M2 concentrations 
were  predicted  for  all  timepoints  where  ECG  measure-
ments were conducted. Summary PK metrics such as in-
dividual BDQ and M2 average concentrations over 2, 8, 
and 24 weeks as well as BDQ and M2 weekly average con-
centrations during the study period were also computed.

Modeldevelopment

Model development of the time course of QTcF interval and 
transaminase levels was performed using a nonlinear mixed- 
effect approach. For QTcF interval,  it comprised structural 

and  stochastic  model  components  (including  exposure– 
safety exploration and structural covariates based on existing 
knowledge and clinical  relevance)  followed by an explora-
tory covariate model development (covariates selected based 
on statistical significance). For transaminase levels, the anal-
ysis consisted of the inclusion of the structural and stochas-
tic components as well as the exploration of exposure– safety 
relationships and structural covariates, such as effect of TB 
background regimen or effect of time on treatment.

Modeling  methodology,  software  used,  and  methods 
for  model  qualification  are  described  in  Supplementary 
Document S1.

QTcFintervalmodel

Structural model

Time effect
Relationships where QTcF interval is influenced by time 
on  BDQ  treatment  were  investigated.  Linear,  power, 
Emax,  and  negative  exponential  models  were  evaluated 
(Equations 2– 5).

where TE is the time effect, α is the slope coefficient of the 
linear  function, TIMW is  the  time after  start of  treatment 
in weeks, γ is the power coefficient of the power function, 
QTmax  is  the Emax on QTcF, and T50 and  t1/2 are  the  times 
needed to achieve 50% of the Emax on QTcF.

Circadian rhythm
Within- day  circadian  variations  of  QTcF  were  evalu-
ated  with  cosine  functions,  with  one  to  three  oscilla-
tions, defined with amplitude and acrophase parameters 
(Equation 6).

where CIRC is the circadian variation, CTIME is the clock 
time, Ai, φi, and Tperiod,i represent the amplitude, the acro-
phase, and time period (e.g., 24, 12, 6 h) of the i:th oscillator, 
respectively.

(1)QTcF =
QT
3
√
RR

(2)TE = � × TIMW

(3)TE = � × TIMW�

(4)TE =
QTmax × TIMW

T50 + TIMW

(5)TE = QTmax ×

(
1 − e

−
ln2
t1∕2

×TIMW
)

(6)CIRC =

n∑
i=1

Ai × cos

(
2 × � × (CTIME − φi)

Tperiod,i

)
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Drug effect
Both BDQ and its main metabolite M2 were explored for 
their ability  to  influence QTcF  interval, alone or  jointly. 
Linear  Emax  models  as  well  as  competitive  interactions 
models (Equation 7) such as full agonist, partial agonist, 
antagonist, and inverse agonist models were tested.16,17

where  DEAB  is  the  combined  drug  effect  of  two  entities 
acting  on  the  same  receptor  (e.g.,  the  Parent  Drug  A  and 
Metabolite B), Emax,A and Emax,B are the Emax of each entity, 
and EC50,A and EC50,B are the concentrations of each entity 
needed to achieve half of the Emax.

When Emax,A = Emax,B, a full agonist interaction model 
is described. If Emax,B is less than Emax,A, then B has a lower 
intrinsic activity, and the model describes a partial agonist 
interaction. If Emax,B = 0, B has no intrinsic activity, and it 
is an antagonist interaction model. If Emax,B is less than 0, 
the intrinsic activity of B is reverse, and an inverse agonist 
relationship is defined. If Emax,B/EC50,B and EC50,B goes to-
ward zero and infinity, respectively, B does not influence 
the QTc interval. The same logic would apply for entity A.

Concomitant TB medication with QT liability
Intake of concomitant TB drugs with known QT liability such 
as clofazimine18 or moxifloxacin19 was included a priori in the 
model as prespecified structural covariates on baseline QTcF 
interval  (QTcF0).  The  presence  or  absence  of  clofazimine 
and/or moxifloxacin at each visit was recorded and handled 
as binary information and modeled with a step function.

Exploratory covariates

Age at baseline, gender, race, baseline albumin levels, time- 
varying and baseline electrolytes levels (potassium and cal-
cium), drug- resistance severity (drug- sensitive TB, MDR- TB, 
pre- extensively  drug- resistant  tuberculosis  (XDR- TB),  and 
XDR- TB),  and  HIV  coinfection  (negative  or  positive  with 
CD4+ count ≥250 cells/μL at baseline) were considered as 
exploratory covariates with linear or power functions.

Transaminaselevelsmodel

Background TB treatment regimen

Step  functions were considered  to describe  the potential 
effect  of  the  background  TB  treatment  regimen.  Newly 

diagnosed patients  started BDQ and  the background TB 
regimen  concomitantly  when  entering  the  trial.  For  pa-
tients treatment- experienced, the possibilities of different 
background TB treatments before and after entering  the 
clinical trial and between the C208 and C209 studies were 
evaluated.

Time effect

Effect of time on BDQ treatment was investigated as lin-
ear and Emax relationships (Equations 2 and 4).

Drug effect

Both BDQ and M2 were explored for their ability to influ-
ence transaminase levels. As transaminase levels are not 
expected  to  directly  correlate  with  drug  concentrations, 
summary metrics  (constant or  time- varying within  indi-
viduals) were preferred. A simple treatment arm function, 
weekly average concentrations over 2, 8, and 24 weeks, as 
well  as  weekly  average  concentrations  during  the  study 
period were considered in linear or Emax functions.

RESULTS

Patientsanddata

Data from 324 patients of the 335 patients receiving BDQ 
were analyzed (98/102 in the C208 study, 226/233 in the 
C209 study). All 105 patients in C209 receiving placebo 
were  included  in  the  analysis.  The  reasons  for  not  in-
cluding  a  patient  were  no  PK  sample  recorded  (10  pa-
tients) or no ECG measurement after start of treatment 
(one patient). For the included patients, a total of 18,306 
ECGs and 5833 ALT/AST measurements were recorded 
on the day before the start of treatment and during the 
treatment  period.  Patients’  characteristics  are  summa-
rized  in Table 1,  and box plots of  the  raw data of ALT 
and AST  levels at different  timepoints are displayed  in 
Figure S3.

Pharmacokinetics

Model- predicted  individual  BDQ  and  M2  concentrations 
at  each ECG  timepoint used  in  the QTcF  interval model; 
model- predicted individual BDQ and M2 average concen-
trations over 2, 8, and 24 weeks; and individual BDQ and 
M2  weekly  average  concentrations  during  the  study  pe-
riod used in the transaminase level model are presented in 
Table S1.

(7)
DEAB=

Emax,A×ConcA

EC50,A×
(
1+

ConcB
EC50,B

)
+ConcA

+
Emax,B×ConcB

EC50,B×
(
1+

ConcA
EC50,A

)
+ConcB
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QTcFintervalmodel

Final structural and stochastic model

The  final  structural  model  comprised  the  following  compo-
nents: the baseline QTcF interval (QTcF0), a time effect (TE), 
the circadian  rhythm (CIRC), a drug effect  (DE), and effects 
of  the  presence  of  comedication  with  QT  liability  (clofazi-
mine [CLOFA] and moxifloxacin [MOXI]). It  is described by 
Equation (8) and illustrated in Figure 1, and the final parameter 
estimates and respective standard errors are reported in Table 2.

The QTcF0 was estimated to be 400 ms with a variabil-
ity  between  patients  of  3.75  percent  coefficient  of  varia-
tion  (%CV), which corresponds  to a  standard deviation of 
ca.  15  ms.  A  variability  between  triplicates  per  occasion 
and  patient  was  observed  (Figure  S4)  and  handled  with 
the  two  components  of  the  residual  variability  (c.f.  resid-
ual unexplained variability [RUV] and RUVrepl in Table 2). 
Interindividual variability (IIV) was added on ε elements, al-
lowing residual variability to be different between patients.

Time effect
The  effect  of  time  on  BDQ  treatment  (Figure  S5) was 
described  by  an  asymptotic  exponential  function (8)QTcF = QTcF0 + TE + CIRC +DE + CLOFA +MOXI

Variable
C208–PLC,
n = 105

C208–BDQ,
n = 98

C209–BDQ,
n = 226

Totalpatients,
n = 429

Sex

Male 66 (63) 67 (68) 146 (65) 279 (65)

Female 39 (37) 31 (32) 80 (35) 150 (35)

Age, years 34 (18– 61) 31 (18– 63) 32 (18– 68) 33 (18– 68)

Weight, kg 53 (35– 83) 53 (37– 81) 57 (30– 113) 55 (30– 113)

Race/ethnicity

Caucasian or White 13 (12) 8 (8) 56 (25) 77 (18)

Black 40 (38) 40 (41) 73 (32) 153 (36)

Hispanic 15 (14) 13 (13) 0 (0) 28 (7)

Asian 6 (6) 9 (9) 89 (39) 104 (24)

Other 31 (30) 28 (29) 8 (4) 67 (16)

TB type

Drug- sensitive TB 4 (4) 3 (3) 3 (1) 10 (2)

MDR- TB 63 (60) 70 (71) 89 (39) 222 (52)

pre- XDR- TB 16 (15) 17 (17) 43 (19) 76 (18)

XDR- TB 5 (5) 3 (3) 37 (16) 45 (10)

Missing 17 (16) 5 (5) 54 (24) 76 (18)

HIV

Negative 86 (82) 85 (87) 210 (93) 381 (89)

Positive 19 (18) 11 (11) 11 (5) 41 (9.5)

Missing 0 (0) 2 (2) 5 (2) 7 (1.5)

Baseline albumin, g/L 31 (17– 46) 34 (15– 49) 38 (24– 49) 35 (15– 49)

Baseline (albumin- 
corrected) calcium, 
IU/L

2.53 
(2.28– 2.84)

2.53 
(2.30– 2.81)

2.43 
(2.15– 2.86)

2.48 (2.15– 2.86)

Baseline potassium, IU/L 4.30 
(3.40– 5.80)

4.40 
(3.60– 5.80)

4.10 
(2.70– 5.40)

4.30 (2.70– 5.80)

Concomitant medication 
with QT liability

None 101 (96) 95 (97) 200 (88) 396 (92)

Clofazimine 0 (0) 0 (0) 24 (11) 24 (6)

Moxifloxacin 4 (4) 3 (3) 2 (1) 9 (2)

Abbreviations: BDQ, bedaquiline; MDR, multidrug resistant; PLC, placebo; TB, tuberculosis; XDR, 
extensively drug resistant.

T A B L E  1   Summary of patients’ 
characteristics presented as the median 
(range) or number of subjects (%)
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(Equation 5) with a maximal increase of QTcF interval 
of  6.5  ms  and  an  estimated  half- life  of  6.44  weeks.  A 
large  proportional  variability  between  patients  of  166 
%CV was estimated, indicating that the time effect may 
result in a decrease in QTcF interval for some patients 
or a higher increase than 6.5 ms for others (Figure S6).

Circadian rhythm
Diurnal circadian pattern was characterized by a dual os-
cillation cosine function (Equation 9), previously described 
by Piotrovsky10 and following the same trend as previously 
reported results in healthy volunteers (Figure S7).

where A24, A12, φ24, and φ12  represent  the amplitudes  (in 
ms)  and  acrophases  (in  h)  of  the  24- hand  12- h  circadian 
rhythm cycles.

Drug effect
The final drug effect model was characterized by an effect 
of M2 concentrations on QTcF interval via an Emax rela-
tionship (Equation 10).

where  Emax,M2  represents  the  maximal  QTcF  interval  pro-
longation related to M2 concentrations (in ms), EC50,M2 rep-
resents the M2 concentration needed to achieve half of the 
Emax, and ConcM2 represents the individual model- predicted 
M2 concentrations at ECG timepoints.

A  competitive  interaction  model  involving  both 
BDQ  and  M2  concentrations  was  not  found  to  be  bet-
ter  than  the  M2- only  Emax  model  to  describe  the  data, 
and  a  model  including  only  BDQ  as  driving  the  QTcF 
interval  prolongation  BDQ  only  was  markedly  worse, 
as  depicted  by  the  Akaike  information  criterion  (AIC): 
AICInteraction  model  (30  degrees  of  freedom  [DF])  =105164,  AIC 
BDQ model (28DF) =105335, AICM2 model (28DF) =105160. In the 
final  model,  Emax,M2  was  estimated  to  28.6  ms,  and  the 
EC50,M2 was estimated to 855 ng/mL which was associated 
with a large between- subject variability of 147.8 %CV.

Concomitant TB medication with QT liability
Nine and 24 patients of 429 received moxifloxacin or clofa-
zimine, respectively, administered at some point during the 
study period (on average, during 28% and 57% of the study 
period, respectively). The number of patients with comedi-
cations per study is described in Table 1. These concomitant 

medications  were  estimated  to  increase  the  QTcF  interval 
by 2.47 ms for moxifloxacin and 11.8 ms for clofazimine. Of 
the 24 patients receiving clofazimine, 10 experienced QTcF 
interval measurements higher  than 450 ms, but none had 
to discontinue BDQ treatment. None of the studied patients 
had coadministrations of both clofazimine and moxifloxacin.

Final covariate model

Covariate  relationships  with  baseline  QTcF  interval 
were identified with time- varying electrolytes levels, sex, 
race, and age on baseline QTcF interval, as described  in 
Equation (11).

None of the evaluated covariates were found to impact 
EC50,M2 or QTmax, and no effect of the disease- related fac-
tors (such as degree of TB resistance or being coinfected 
with HIV) was detected. The direction and size of the co-
variate effects are illustrated in Figure 2. In short, the QTcF 
interval increased with higher age, in non- Black patients 
and females, and by hypokalemia and hypocalcemia.

Visual  predictive  checks  of  the  final  model  are 
shown  in  Figure  3,  and  the  model  code  is  presented  in 
Supplementary Model Code S1.

Transaminaselevelsmodel

The final models for both ALT and AST are described by 
Equations (12) and (13). Both transaminase levels at base-
line (TRANS0) are affected by an effect of the background 
TB treatment regimen (BGtreat) accounting for the fact that 
patients  were  either  treatment  naïve  or  treatment  expe-
rienced  before  the  start  of  BDQ.  The  possibility  of  back-
ground TB treatment regimens being different between the 
C208 and C209 studies was not statistically significant for 
either of the analytes. The time course of AST levels was 
further described by an effect of time after the start of treat-
ment, characterized by an Emax function (Equation 13).

(9)
CIRC= A24×cos

(
2×�× (CTIME−φ24)

24

)

+A12×cos

(
2×�× (CTIME−φ12)

12

)

(10)DEM2 =
Emax,M2 × ConcM2

EC50,M2 + ConcM2

(11)

QTcF0,i=QTcF0
+θCalcium×

(
Cai,t−Camedian

)
+θPotassium×

(
Ki,t−Kmedian

)
+θFemale×SexFemale,i
+θBlack×RaceBlack,i

+θAge×
(
Agei−Agemedian

)

⎧
⎪⎨⎪⎩

TRANSALT=TRANS0,ALT+BGtreat,ALT (12)

TRANSAST=TRANS0,AST+BGtreat,AST+
Tmax,AST×Time

T50AST+Time
(13)
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Interindividual variability components were added on 
the baseline parameters (TRANS0) and the RUV parame-
ters, of the ALT and AST submodels. Correlation parame-
ters were estimated between the corresponding IIVs of the 
ALT and AST submodels. The  final parameter estimates 
and  respective  standard  errors  of  the  transaminase  lev-
els model can be found in Table 3, and visual predictive 
checks are presented in Figure 3.

No difference between the treatment arms as well as no 
exposure– safety relationship could be discriminated with 
either constant or  time- varying PK metrics  for both ALT 
and AST time- course levels. This is illustrated in Figure S8 
(visual predictive check of change from baseline transami-
nase levels versus BDQ or M2 weekly concentrations).

DISCUSSION

This  analysis  provides  quantitative  information  on  the  re-
lationship  between  BDQ  and/or  M2  exposure  and  QTcF 
interval prolongation after BDQ administration. With a rep-
resentative population of about 400 patients with MDR- TB 
and  approximatively  18000  ECG  measurements,  M2  me-
tabolite  concentrations  were  predicted  to  be  the  driver  of 
the  treatment- induced  prolongation  of  the  QTcF  interval.  
In vitro experiments  indicate that BDQ and M2 act on the 
same cardiac receptor with a common mechanism, support-
ing  the  use  of  competitive  interaction  models.20  However, 
after inclusion of all the different components in the model 
(circadian  rhythm,  secular  trend,  and  other  covariates), 
the  more  complex  interaction  model  was  not  significantly  
better  than  an  Emax  model  driven  by  M2  concentrations 
alone. Model predictions from the final QTcF interval model, 
using  data  from  thorough  QT  and  drug– drug  interaction 
studies, where BDQ was administered as a single dose, are 

in  line with  those  findings  (see Supplementary Document 
S2). Indeed, only low M2 concentrations were predicted (as 
the M2 metabolite accumulates considerably with multiple 
dosing), and no QTcF increase was detected. The final pa-
rameter estimates of the drug effect model were 28.6 ms and 
855 ng/mL for Emax,M2 and EC50,M2,  respectively  (Table 2). 
Note that the EC50,M2 value of 855 ng/mL is slightly above 
the highest predicted M2 concentrations of 827 ng/mL under 
the approved dosing regimen. However, despite the limited 
number of datapoints near the EC50 value, the Emax model 
was better  than a  linear model at describing the data, and 
the EC50 parameter was estimated with acceptable precision 
(relative standard error of 24.4%). The model includes IIV on 
EC50,M2 and not on Emax,M2 (tested but not significant), which 
suggests that fluctuations are expected more in terms of affin-
ity than amplitude of the maximum effect that the drug can 
produce. In addition, although the ECG measurements were 
not  drawn  at  the  expected  M2  peak  concentrations,  given 
the flat PK profile of M2,15 little differences between trough 
and peak concentrations were observed. So, as depicted in 
Figure  4,  doubling  the  M2  concentrations  compared  with 
the levels seen with the approved dosing regimen (0– 827 ng/
mL) is not expected to lead to a QTcF increase larger than 
30  ms  change  from  baseline  (cutoff  point  defined  in  the 
International Council for Harmonisation E14 guidance).

This analysis also characterized other sources of QTcF 
interval  variability.  First,  a  large  variability  between  trip-
licates was observed per occasion and patient (Figure S4), 
and  handled  by  two  RUV  components  (a  common  RUV 
and  a  replicate- specific  RUV).  Second,  the  circadian  pat-
tern  of  the  QTcF  interval  displayed  an  amplitude,  which 
allowed  the  mean  QTcF  interval  to  vary  between  +4  ms 
and −2 ms within a day, as shown in Figure 1. The diurnal 
variations follow the same trend as previously reported re-
sults in healthy volunteers (Figure S7) and are important to 

F I G U R E  1  Illustration of the typical 
profile of QTcF interval over time without 
comedication (full line) as well as the 
typical profile of the drug effect (dotted 
line), the time effect (dot- dashed line), 
and the QTcF interval at baseline (QTcF0, 
dashed line). The circadian rhythm is 
depicted by the shaded area around the 
typical profile of QTcF interval
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Submodel Parameters(unit) Value(RSE%) IIV%CV(RSE%)

Baseline QTcF0 (ms) 400 (0.328) 3.75 (3.80)

Drug effect Emax,M2 (ms) 28.6 (13.6)

EC50,M2 (ng/mL) 855 (24.4) 148 (11.8)

Time effect QTmax (ms) 6.50 (11.8) 167a (12.7)

T1/2 (weeks) 6.44 (17.9)

Circadian rhythm A24 (ms) 2.76 (43.9)

φ24 (h) 4.91 (26.6)

A12 (ms) 1.46 (26.7)

φ12 (h) 4.50 (23.4)

Comedicationb Effect of clofazimine (ms) 11.8 (15.6)

Effect of moxifloxacin (ms) 2.47 (98.4)

Covariates Effect of calcium (ms per IU/L) −8.74 (28.3)

Effect of potassium (ms per IU/L) −1.25 (38.5)

Effect of sex (female) (ms) 7.75 (19.1)

Effect of being black (ms) −6.86 (21.3)

Effect of age (ms per year) 0.349 (17.0)

Residual error 
model

Additive RUV (ms) 8.19 (1.81) 21.2 (11.2)

Box– Cox IIVc RUV 4.11 (24.0)

Additive RUVrepl (ms) 6.87 (1.47) 23.9 (5.57)

Box– Cox IIVc RUVrepl 0.825 (40.5)

Note: The %CV is reported as the square root of the variance. RSE of IIV and RUV is reported on the 
approximate standard deviation scale (standard error/variance estimate)/2.
Abbreviations: A12, amplitude for the 12- h circadian rhythm cycles; A24, amplitude for the 24- h circadian 
rhythm cycles; %CV, percent coefficient of variation; Emax,M2, maximal effect of M2 concentrations; 
EC50,M2, M2 concentration needed to achieve 50% of Emax,M2; IIV, interindividual variability; QTcF0, 
baseline QTcF interval; QTmax, maximal effect of time; %RSE, percent relative standard error; RUV, 
residual unexplained variability; RUVrepl: replicate- specific residual unexplained variability; T1/2: time 
needed to achieve 50% of QTmax; φ12: acrophase for the 12- h circadian rhythm cycles; φ24: acrophase for 
the 24- h circadian rhythm cycles.
aIIV is coded with a proportional model, whereas the others are coded with an exponential model.
bCovariates included a priori given the prior knowledge of these drugs on QTc interval.
cParameter estimate of the Box– Cox transformed distribution of IIV on ε components.

T A B L E  2   Parameter estimates and 
uncertainty of the final QTcF interval 
model

F I G U R E  2  Illustration of the 
direction and size of each covariate 
effect on baseline QTcF interval (QTcF0). 
Continuous covariates are displayed 
as the 5th and 95th percentiles of the 
covariate range. Categorical covariates 
are compared with the other category. 
The bands show the 90% confidence 
interval around the point estimate. The 
vertical dashed line represents the typical 
individual: a 33- year- old non- Black 
male subject with a potassium (K) level 
of 4.2 IU/L and a calcium (Ca) level of 
2.45 IU/L
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F I G U R E  3  Visual predictive checks 
of the final models. (a) QTcF interval over 
time after start of treatment per arm. (b) 
QTcF interval over individual predicted 
M2 concentrations in the bedaquiline 
group. (c) Change from baseline QTcF 
interval over time after start of treatment 
per arm. (d) Change from baseline QTcF 
interval over individual predicted M2 
concentrations in the bedaquiline group. 
(e) Alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) levels 
over time after start of treatment per arm. 
The solid and dashed lines represent 
the observed data, and the shaded areas 
represent the simulation- based 95% 
confidence intervals for the corresponding 
percentiles

T A B L E  3   Parameters estimates and uncertainty of the final transaminase levels model

Submodel Parameters(unit) Value(RSE%)
IIV%CV
(RSE%)

CorrelationIIV%
(RSE%)

Baseline TRANS0,ALT (IU/L) 18.4 (3.35) 44.4 (3.96) 57.6 (5.82)

TRANS0,AST (IU/L) 22.6 (2.12) 29.1 (4.17)

Effect of the background TB 
treatment

BGtreat,ALT (%) −16.1 (18.2)

BGtreat,AST (%) 12.4 (13.9)

Time effect Tmax,AST (%) 14.8 (11.0)

T50,AST (weeks) 3.92 (34.6)

Residual error model Proportional RUVALT (%CV) 32.6 (2.28) 31.3 (6.28) 85.4 (6.05)

Proportional RUVAST (%CV) 20.7 (2.65) 38.1 (5.38)

Correlation RUVALT − RUVAST (%) 65.6 (2.69)

Note: The %CV is reported as the square root of the variance. RSE of IIV and RUV is reported on the approximate standard deviation scale (standard error/
variance estimate)/2.
Abbreviations: φ12, φ24, A12, and A24 represent the acrophases (in h) and amplitudes (in ms) of the 12- h and 24- h circadian rhythm cycles; %CV, percent 
coefficient of variation; %RSE, percent relative standard error; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BGtreat, background TB 
treatment regimen; IIV, interindividual variability; RUV, residual unexplained variability; T50, time needed to achieve 50% of the maximal effect; TB, 
tuberculosis; Tmax, maximal time effect; TRANS0, transaminase levels at baseline.
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take into account when interpreting change from baseline 
QTcF results.21 The effect of  time  in study was estimated 
to be responsible for a maximum increase of 6.5 ms in the 
QTcF interval with a half- life of 6.44 weeks, suggesting that 
at the end of the 24- week treatment period, 92% of the max-
imal QT effect would be achieved. This effect of time can 
be observed in both arms as depicted in Figure S5. A time 
trend following the same dynamics has been previously re-
ported by Li et al. in patients treated with anti- TB drugs,9 
but  the reason remains unclear.  It attributed  the “secular 
trend”  effect  to  possible  “accumulation  of  other  metabo-
lites” or “other long- term physiological/biological changes 
as a result of treatment” and patients becoming healthier. 
The first part of the interpretation could hold for patients 
treated with BDQ as another metabolite, M3, is produced 
by  the  subsequent  N- demethylation  of  M2,  bacteriologi-
cally inactive but with a suggested similar toxicity profile as 
M2,8 but never reported in the literature. The second part 
of the interpretation could also be the result of an insuffi-
cient correction of the QT interval for changes in heart rate. 
Although the Fridericia correction method is widely used 
and one of the most accurate correction methods to provide 
a corrected QT interval independent of the heart rate,22,23 
it has been reported to be less reliable at high heart rates 
where  it undercorrects  the QT  interval24,25  (Figure S1). A 
patient with tachycardia (>100 beats per min [bpm]) will 
appear  to have a  short/low QTcF  interval, and when  this 
patient  will  be  becoming  healthier  (i.e.,  decreasing  heart 
rate), there will be the appearance of QTcF being prolonged 
compared with baseline. With this in mind and the fact that 
12% of the patients in our analysis have a baseline heart rate 
>100 bpm, the miss- correction of QT interval may for some 
patients explain the effect of time on treatment.

The  covariate  analysis  confirmed  the  effect  of  the 
commonly reported factors affecting QTcF interval (such 
as  age,  race,  sex,  or  electrolyte  levels).10  No  covariates 
were found significant on EC50,M2 or QTmax, and no effect 
of the disease- related factors (such as degree of TB resis-
tance or being coinfected with HIV) was detected, despite 
the large IIV on both EC50,M2 or QTmax. Note that around 
10% of the study population was HIV positive (Table 1), 
and  none  of  the  patients  received  antiretroviral  drugs 
during  the  study period, as per protocol.  In  the present 
analysis,  concomitant  medication  such  as  moxifloxacin 
and clofazimine were evaluated as categorical covariates 
and included a priori as structural covariates (not tested 
for  significance).  The  estimated  effects  (Table  2)  were 
smaller than previously described in the literature18,26– 29 
but considered relevant  in  this analysis  to highlight  the 
impact of TB comedication with known QT liability.26,30

The second focus of this safety analysis was the eval-
uation of  transaminase  levels over  time. Analysis of  the 
quantitative  information  of  ALT  and  AST  levels  during 
the  treatment  period  did  not  identify  any  significant 
difference  between  BDQ  and  placebo  arms  (also  when 
considering  C208  data  only).  Furthermore,  none  of  the 
considered constant or time- varying PK metrics could ex-
plain the transaminase level elevation. Previous analysis of 
those data on a case- by- case basis in patients experiencing 
Grade 3 transaminase increases revealed the presence of 
confounding factors (such as underlying hepatic disease, 
alcohol use, concomitant hepatotoxic medication use) in 
most of  the cases.11  Information about confounding  fac-
tors was not available for this analysis, but the effects of 
being  treated  with  several  drugs  and  time  after  start  of 
treatment (on the AST level time course) implemented in 

F I G U R E  4  Simulation of the drug 
effect profile accounting for variability 
between patients (median black line 
surrounded by the 90% confidence 
interval shaded area) under the currently 
approved dosing regimen (squared 
light- gray area) and after doubling the 
concentrations. The typical values of 
Emax,M2 (28.6 ms) and EC50,M2 (855 ng/
mL) for the final model are shown by the 
horizontal and vertical black dashed lines, 
respectively. Emax,M2, maximal M2 effect; 
EC50,M2, M2 concentration needed to 
achieve 50% of Emax,M2
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our model might depict a long- term effect of concomitant 
hepatotoxic medication use or a slow progressing under-
lying hepatic disorder.

In conclusion, a safety analysis of both QTcF interval 
and  the  transaminase  levels  time  course  after  BDQ  ad-
ministration has been performed. A relationship between 
drug exposure levels and the cardiac safety profile of BDQ 
has  been  established,  where  the  M2  metabolite  concen-
trations drive  the prolongation of  the QTcF interval, but 
no relationship could be identified between different PK 
metrics and  the  transaminase  levels. Projections beyond 
the  range  of  observed  M2  exposures  (up  to  twice  the 
highest observed value) suggested that the QTcF interval 
would  not  reach  critical  limits  (at  least  95%  of  patients 
with ΔQTcF <30 ms; see Figure 4). This exposure– QTcF 
model with M2 concentrations can,  together with previ-
ously developed models  for population PK15,31– 35 and an 
exposure– efficacy model with BDQ concentrations,5,6 in-
form  an  integrated  dose- exposure- efficacy- safety  frame-
work for BDQ dose evaluation.
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