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Translational Model-Informed Approach for 
Selection of Tuberculosis Drug Combination 
Regimens in Early Clinical Development
Budi O. Susanto1, Sebastian G. Wicha2, Yanmin Hu3, Anthony R.M. Coates3 and Ulrika S.H. Simonsson1,*

The development of optimal treatment regimens in tuberculosis (TB) remains challenging due to the need 
of combination therapy and possibility of pharmacodynamic (PD) interactions. Preclinical information about 
PD interactions needs to be used more optimally when designing early bactericidal activity (EBA) studies. In 
this work, we developed a translational approach which can allow for forward translation to predict efficacy 
of drug combination in EBA studies using the Multistate Tuberculosis Pharmacometric (MTP) and the General 
Pharmacodynamic Interaction (GPDI) models informed by in vitro static time-kill data. These models were linked 
with translational factors to account for differences between the in vitro system and humans. Our translational MTP-
GPDI model approach was able to predict the EBA0–2 days, EBA0–5 days, and EBA0–14 days from different EBA studies of 
rifampicin and isoniazid in monotherapy and combination. Our translational model approach can contribute to an 
optimal dose selection of drug combinations in early TB clinical trials.

A more effective regimen with a shorter treatment duration is an 
urgent need to provide more efficient treatment options for patients 
with pulmonary tuberculosis (TB). Since TB treatment requires 
multidrug regimens, pharmacodynamics (PD) interactions can be a 
challenge for developing optimal regimens. The typical early bacte-
ricidal activity (EBA) study in a TB phase IIa trial acts as the first 
“proof-of-concept” study of microbiological activity in humans when 
the drug is given as monotherapy for 2 weeks. Few EBA studies have 
explored combinations of drugs,1,2 but traditionally the EBA studies 
have played a role in dose selection for the phase IIb trials where the 
results from the EBA study informs the combination regimen to be 

evaluated. However, the most optimal dose in monotherapy may not 
be the optimal dose for combination treatment. Therefore, it is not 
possible to study the most optimal dose combinations in humans due 
to the many possible combinations. An alternative is to use preclin-
ical in vitro information where it is possible to study a large set of 
combinations in order to define the PD interaction space. However, 
prediction of clinical efficacy based on in vitro information needs to 
account for translational factors such as human pharmacokinetics 
(PK), target site exposure, and mycobacterial factors, such as bacte-
rial growth phase, postantibiotic effect (PAE), and minimum inhib-
itory concentration (MIC) distribution.3
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Typical early bactericidal activity (EBA) studies of antitu-
berculosis drugs are mostly performed in monotherapy, which 
are later tested in combination for longer treatment outcomes 
in phase IIb trials.
WHAT QUESTION DID THIS STUDY ADDRESS?
 How to inform dose selection of antituberculosis drug com-
binations for planning EBA studies using a translational model- 
informed approach to better exploit preclinical in vitro information.
WHAT DOES THIS STUDY ADD TO OUR KNOW - 
LEDGE?
 The in vitro–based translational approach successfully 
predicted different observed EBA studies of isoniazid and 

rifampicin in monotherapy as well as in combination. The 
approach was not only able to support dose selection but 
also to identify the pharmacodynamics interaction of the 
combination.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 Our approach encourages evaluating drug combinations 
early in phase IIa trials instead of only testing monotherapy 
and can be used to support dose selection of drug combinations 
using in vitro combination data.
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The General Pharmacodynamic Interaction (GPDI) model is 
a novel model-based assessment approach for quantifying PD 
interactions,4 which has successfully been combined with the 
Multistate Tuberculosis Pharmacometric (MTP) model,5 a 
semimechanistic model developed to characterize drug effects 
on different growth states of the TB bacterium. The MTP-
GPDI approach has been used to identify PD interactions both 
in vitro6 and in vivo7 and has been shown to be superior com-
pared with other approaches for identifying PD interactions.8 
A forward translation framework for clinical exposure–response 
forecasting in EBA studies based on preclinical in vitro informa-
tion using the MTP model has been successfully developed for 
rifampicin.3 In this work, we developed a translational approach 
which allows for forward translation to extend the framework 
to predict the efficacy of the drug combination in EBA studies. 
This approach accounted for PD interactions which were iden-
tified in vitro using the MTP-GPDI model for rifampicin and 
isoniazid combination as an example.

MATERIALS AND METHODS
In vitro preclinical data
The following procedures were performed to obtain natural growth data. 
Mycobacterium tuberculosis strain H37Rv was grown in serial of 10  mL 
7H9 medium containing 0.05% Tween 80 supplemented with 10% al-
bumin dextrose complex (ADC; Becton and Dickinson, Oxford, UK) at 
37°C without disturbance for 100 days. The colony-forming unit (CFU) 
counts were performed by plating a serial of 10-fold dilutions of the cul-
tures on 7H11 agar medium supplemented with oleic albumin dextrose 
complex (OADC; Becton and Dickinson). The 7H11 agar plates were 
made according to the manufacturer’s instructions. Colonies were counted 
after incubation of the plates at 37°C for 3–4 weeks and viability was ex-
pressed as log CFU/mL.

In vitro static time-kill curve data was obtained from log-phase 
M.  tuberculosis H37Rv (4-day-old culture) exposed to isoniazid at 
0–16  mg/L at 37°C and stationary-phase M.  tuberculosis H37Rv 
(100-day-old culture) exposed to isoniazid at 0–64  mg/L at 37°C 
(Figure  S1). For isoniazid-rifampicin combination, only static time-
kill assays in stationary-phase were available. The bacteria were exposed 
to different concentrations of isoniazid-rifampicin combination at 
0–64 mg/L for each drug (Figure S2). The drug concentration/stabil-
ity was not measured during the whole experiment. During the mod-
el-building process, in vitro data for rifampicin in monotherapy5 and 
isoniazid in monotherapy were pooled with isoniazid-rifampicin com-
bination data. The CFU was used as a biomarker which represents the 
number of viable bacteria in the sample. For isoniazid monotherapy, the 
CFU was observed at time 0, 4, 6, 9, 14, 24, and 34 days for log-phase 
and at time 100, 103, 108, 116, 120, and 124 days for stationary-phase. 
For isoniazid-rifampicin combination, the CFU was counted at time 
100, 103, 106, 110, and 114 days. Each observation had one replicate. 
All work on M. tuberculosis was performed in a Class I Biosafety cab-
inet of Containment Level 3 Laboratory at St George’s University of 
London.

In vitro exposure–response relationships of isoniazid and 
rifampicin in monotherapy
The MTP model was applied to log-phase and stationary-phase data 
to describe the exposure–response relationship of isoniazid and rifam-
picin monotherapy in vitro. The MTP model assumed three bacterial 
states: fast-multiplying (F), slow-multiplying (S), and nonmultiplying 
(N) state mycobacteria and how each mycobacterial state transferred 
to other states.5 The bacterial change was quantified using CFU, and 

the CFU was assumed to be the sum of F and S states. No individual 
in vitro experiments were conducted using only F and S experiments. 
All CFU data were transformed into natural logarithms during  the 
model-building process. All natural growth parameters were fixed to 
the same value as reported in the original MTP model.5 Reestimation 
of the natural growth parameters was done, but it was not statistically 
significant. Therefore, natural growth parameters were fixed in order 
to facilitate the identification of the exposure–response model param-
eters. The effect of isoniazid and rifampicin were tested towards four 
effect sites: F growth, killing of F, S, and N states. Exposure–response 
relationships of isoniazid at each effect site were evaluated using on/
off effect, linear function, power function, Emax function, and sigmoid 
Emax function. The model was statistically significant if the objective 
function value (OFV) dropped at least 3.84 (χ2 distribution, α < 0.05) 
for nested models and for one parameter difference between the two 
models. All identified exposure–response relationships for each effect 
site were then combined and evaluated because drug effect may ap-
pear when the effect was combined with other effect sites. All possible 
combinations from previous steps were combined using at least a linear 
function. The best model from the previous step was chosen based on 
statistical significance (α < 0.05). Reevaluation of the best model was 
done at each effect site by changing the effect function into a more 
complex model and a simpler model. The model with better fit to the 
data based on statistical significance was kept and carried forward to 
the next step. A final backward elimination was done by deleting one 
effect site at a time to exclude nonsignificant effect sites at 1% signif-
icant level.

In vitro exposure–response relationships of isoniazid and 
rifampicin in combination
The PD interactions in combination therapy were assessed using the 
GPDI model4 implemented in the Bliss Independence (BI) additivity 
criterion. All PD interactions were evaluated as a change in drug effect 
parameter (concentration of drug producing 50% of maximum effect 
(EC50) or slope) which were parameterized by interaction (INT) parame-
ter. Positive INT value indicates increase in EC50 or slope, i.e., antagonism, 
while the decrease in EC50 or slope, i.e., synergism, is expressed by INT 
between −1 and 0. When there is no interaction, INT value will be zero, 
which is called "as expected additivity" to describe the total effect of both 
drugs. The potential PD interactions between isoniazid and rifampicin 
were characterized at each effect site.

During the evaluation of PD interactions, the natural growth parame-
ters and final exposure–response parameters of isoniazid and rifampicin 
were fixed as identified in monotherapy. We evaluated the bidirectional in-
teraction (isoniazid to rifampicin and vice versa) for each effect site. Then, 
the interaction at one effect site was combined with interactions at other 
effect sites one by one to the model. Only interactions that gave signifi-
cant decrease in OFV (α < 0.05) were kept and proceeded to the next step. 
Furthermore, to identify the interaction that was not significant in the best 
model in the previous step, each interaction parameter was removed one at 
a time. The final model was chosen based on the best fit of the model to the 
data from the previous step and the low uncertainty in parameter estimate.

Translational factors
To account for the different systems in in vitro experiments and in human, 
translational factors including PAE, mycobacterial susceptibility, bacterial 
growth phase, population pharmacokinetics, and epithelial lining fluid 
(ELF) model parameters were incorporated into the model.3 The bacteria 
in humans were assumed to grow for a 150-day period before treatment was 
started. PAE accounts for the suppression of bacterial growth after brief 
exposure to antibiotic.9 The PAE model for isoniazid was developed using 
an effect compartment model to link between isoniazid exposure and the 
MTP model developed for isoniazid monotherapy. Parameters for the PAE 
model were estimated from in vitro PAE observation of isoniazid.10,11 The 
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PAE model parameters for rifampicin were taken from a previous study.3 
The PAE parameters for isoniazid-rifampicin combination were assumed 
to be the same as for monotherapy because there were not enough data in 
the literature to estimate the PAE parameter for the combination.

To characterize the different susceptibility of the bacteria in vitro and 
in human, MIC ratio was used to scale the drug concentration in target 
site (epithelial lining fluid). For in vitro MIC in M. tuberculosis H37Rv, 
we used the mode of MIC distribution for isoniazid12 in order not to bias 
by choosing a single MIC value. For clinical MIC, the distribution from 
literature13 was used and random sampling was done to parameterize 
MICtarget/MICorigin. To account for the change in drug concentration in 
humans, population PK models for rifampicin14 and isoniazid15,16 were 
incorporated into the model prediction. The ELF model parameters for 
isoniazid17 and rifampicin18 were also included into the prediction to ac-
count for the drug concentration in lung. The simulated drug concentra-
tion from the population PK model was fed into the plasma/ELF model 
and thereafter linked to the efficacy through the concentration-effect 
model which was identified using in vitro static concentration.

Clinical phase IIa EBA data
The clinical data were obtained by literature search from published EBA 
studies of isoniazid monotherapy and isoniazid-rifampicin combination 
available on PubMed using the words “early bactericidal activity isoni-
azid.” Only trials from drug-susceptible tuberculosis with CFU as bio-
marker were included in our study.

Clinical phase IIa EBA trial simulation
The final MTP model in vitro and translational factors for isonia-
zid were implemented to simulate and predict clinical isoniazid EBA 
studies. The final MTP-GPDI model in vitro for isoniazid-rifampicin 
combination and translational factors for isoniazid and rifampicin 
monotherapy were used to simulate and predict the EBA studies of iso-
niazid-rifampicin combination. We performed 1,000 random sampling 
from log normal distribution for all PK variabilities and covariates. The 
observed EBA0–2 days, EBA0–5 days, and EBA0–14 days from different EBA 
trials were compared with the model prediction to show the ability of 
the approach to predict clinical data based on in vitro data of efficacy.

Software
Modelling of in vitro data was performed with NONMEM (version 7.3; 
Icon Development Solutions (https://www.iconp lc.com/innov ation /
nonme m/) Ellicott City, MD), using Laplacian conditional estimation 
with interaction. The M3 method19 was used to handle data below limit of 
quantification (LOQ) of 10 CFU/mL. The prediction-corrected visual pre-
dictive check (pcVPC) was generated using Pearl-speaks-NONMEM (ver-
sion 4.7.17; Department of Pharmaceutical Biosciences, Uppsala University 
Uppsala, Sweden (https://uupha rmaco metri cs.github.io/PsN/)) as a model 
diagnostic tool in addition to diagnostics generated using Xpose (version 
4.5.3; Department of Pharmaceutical Biosciences, Uppsala University, 
Uppsala, Sweden (http://xpose.sourc eforge.net)). The final model was 
selected based on the OFV drop at 5% significance level between nested 
models and the result from pcVPC. R (version 3.3.0; R Foundation for 
Statistical Computing, Vienna, Austria (http://www.R-proje ct.org)) pack-
age “ggplot2” and “xpose4” were used to plot and visualize the results. PAE 
parameter for isoniazid was estimated with “optim” function using Nelder-
Mead algorithm in R. All simulations for translational prediction were per-
formed using “deSolve” package in R. The EBA data from Wallis et al.20 
was digitalized using WebPlotDigitizer (version 4.1; WebPlotDigitizer, 
Austin, TX (https://autom eris.io/WebPl otDig itizer)).

RESULTS
The translational MTP-GPDI model approach was developed to 
predict the EBA of drug combination based on preclinical in vitro 

study. Figure 1a shows the schematic illustration of the translational 
steps; Figure 1b shows the final translational MTP-GPDI model for 
isoniazid-rifampicin combination with identified PD interactions. 
Initially, the exposure–response relationship from in vitro data using 
MTP models for isoniazid and rifampicin monotherapy were com-
bined with the GPDI model to evaluate the potential PD interac-
tions of the isoniazid-rifampicin combination. Translational factors, 
including human PK and the ELF model, bacterial growth phase, 
PAE, and MIC scaling, were linked to the in vitro models to mimic 
the bacterial growth and drug kinetics in humans. Thereafter, the 
in vitro models and translational factors were applied in clinical trial 
simulation to predict the EBA. The prediction was then compared 
with the clinical data from different EBA studies to see the ability of 
the translational model to predict the clinical observation.

In vitro exposure–response relationships for isoniazid and 
rifampicin in monotherapy
The NONMEM code of the final model is given in the 
Supplementary Material (NONMEM code). In this study, the 
MTP model5 successfully described and identified the in vitro 
exposure–response relationship of isoniazid at different concen-
trations using time-kill CFU experiments in log-phase and sta-
tionary-phase. The descriptions of the variables in Eqs.  1–6 are 
available in Table 1. Eqs. 1–3 describe the final differential equa-
tions system of the MTP model which consists of three different 
bacterial subpopulations including the number of F, S, and N 
bacterial substates change over the time as well as isoniazid drug 
effects.

The isoniazid drug effect was described by a linear inhibition of 
F growth (EFG, Eq. 4) and a power function for the killing of the 
F substate (EFD, Eq. 5). Killing of the S substate was described by 
sigmoid Emax function (ESD, Eq. 6). No drug effect was identified 
on killing of the N substate. An inoculum effect21 was found to be 
statistically significant which included a reduction of the killing 
effect of F and S bacteria at high bacterial load using a capacity 
limitation term 

(

1− F+S+N

Bmax

)

 (Eqs. 5 and 6). The drop in OFV was 
−286.2431 when applied to killing of F and S bacteria.
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The final parameter estimates of the MTP model of isoniazid 
and rifampicin in monotherapy are shown in Table  S1. In order 
to avoid the EFG parameter turning into the EFD parameter and 
the fact that the slope of isoniazid drug effect on the inhibition of 
F growth (FGslope) was sensitive to different initial estimates, the 
FGslope was fixed to 0.016. This value represents the slope that gives 
maximum inhibition of F growth at the highest isoniazid concen-
tration (64 mg/L). Estimating FGslope always gave a value which was 
higher than 0.016. This is not scientifically plausible and indicates 
that this parameter turned into EFD. Moreover, fixing this parame-
ter did not significantly change the estimation of other parameters.

The final MTP model for isoniazid in monotherapy was able to 
capture the log-phase and stationary-phase data as well as the data 
that were below the LOQ as can be seen in the pcVPC (Figure 2). 
The exposure–response relationship of rifampicin monotherapy 
in vitro using the same strain and experimental setup has been de-
scribed earlier using the MTP model.5

In vitro exposure–response relationships of isoniazid and 
rifampicin in combination
To assess the PD interaction after identification of the exposure–re-
sponse relationship in monotherapy, the GPDI model was combined 
with the MTP model. PD interactions were evaluated as fractional 

change of the slope or potency (EC50) in the isoniazid-rifampicin 
combination. Final parameter estimates for the MTP-GPDI model 
of isoniazid-rifampicin combination are shown in Table  S1. The 
descriptions of the variables in Eqs. 7–16 are available in Table 1. 
Eqs. 7–9 describe how the number of each bacterial state changes 
over time after exposure to an isoniazid-rifampicin combination. 
Eqs. 10–16 describe the functions of rifampicin and isoniazid drug 
effects in combination on inhibition of F growth (EFGRIF, EFGINH; 
Eqs. 10 and 11), killing of F state (EFDRIF, EFDINH; Eqs. 12 and 
13), killing of S state (ESDRIF, ESDINH; Eqs. 14 and 15), and killing 
of N state (ENDRIF, Eq. 16) in relation with Eqs. 7–9.

(7)

dF

dt
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F ⋅kG ⋅ log

(

Bmax

F+S+N

)

⋅

(

1−
(
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−
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⋅S
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dt
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Figure 1 Translational framework for TB (Tuberculosis) drug combination. (a) Schematic illustration of translational steps using the MTP-
GPDI (Multistate Tuberculosis Pharmacometric-General Pharmacodynamic Interaction) model framework; (b) compartmental representation 
of rifampicin (RIF) pharmacokinetics (PK) (left) and isoniazid (INH) pharmacokinetics (right) linked to pharmacodynamic model (MTP-GPDI 
model, middle). Enzyme turnover rate stimulated by CRIF (rifampicin concentration) accounting for auto-induction. Solid arrows represent mass 
flux; dashed arrows represent effects or virtual links. Abs, absorption compartment; AENZ, enzyme induction compartment; Bmax, maximum 
bacterial load; CL, clearance; cmt, compartment; EBA, early bactericidal activity; EFD, drug effect on killing of F bacteria; EFG, drug effect on 
inhibition of F growth; ELF, epithelial lining fluid; ESD, drug effect on killing of S bacteria; F, fast-multiplying state; FD, kill rate of F bacteria; 
ka, absorption rate; kELF, ELF transfer rate; kG, growth rate of the F bacteria; kFN, first-order transfer rate between F and N state; kFSLin, time 
dependent linear rate parameter describing transfer from F to S state; kNS, first-order transfer rate between N and S state; kSF, first-order 
transfer rate between S and F state; kSN, first-order transfer rate between S and N state; ktr, transit compartment rate; N, nonmultiplying state; 
ND, kill rate of N bacteria; Q, intercompartmental clearance; RELF/plasma, ELF to plasma ratio; S, slow-multiplying state; SD, kill rate of S bacteria; 
V, volume of distribution; red minus sign represents the antagonism of rifampicin; red dashed line represents rifampicin drug effect; blue 
minus sign represents the antagonism of isoniazid; blue dashed line represents isoniazid drug effect.
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Table 1 Parameters of the final MTP-GPDI translational model approach for isoniazid and rifampicin in monotherapy and 
combination. The model consisted of different submodels such as natural growth, exposure–response relationship of 
isoniazid and rifampicin monotherapy, PD interaction, PAE model of isoniazid and rifampicin, human PK and ELF model of 
isoniazid and rifampicin as well as protein binding

Parameter Description Value References

Natural growth

kFN (days−1) Transfer rate from fast-multiplying to nonmultiplying state 8.97 × 10−7 5

kSN (days−1) Transfer rate from slow-multiplying to nonmultiplying state 0.186 5

kSF(days−1) Transfer rate from slow-multiplying to fast-multiplying state 0.0145 5

kNS (days−1) Transfer rate from nonmultiplying to slow-multiplying state 1.23 × 10−3 5

kFS,lin (days−2) Time-dependent transfer rate from fast-multiplying to   
slow-multiplying state

1.66 × 10−3 5

S0 (mL−1) Initial bacterial number of slow-multiplying state 9770 5

kG (days−1) Fast-multiplying bacterial growth rate 0.206 5

0.15 (for PAE model of 
isoniazid)

Estimated from 
Chan et al.10

F0 (mL−1) Initial bacterial number of fast-multiplying state 4.1 5

Bmax (mL−1) System carrying capacity 1.410 × 109 5

Isoniazid exposure–response relationships monotherapy

FGslope (L/mg) Linear inhibition of fast-multiplying bacterial growth 0.016 Table S1

FDslope (L/mg/days) Slope for power of killing of fast-multiplying bacteria 1.27 Table S1

FDγ Power for killing of fast-multiplying bacteria 0.3067 Table S1

SDEmax (days−1) Maximal slow-multiplying bacterial kill rate 15.29 Table S1

SDEC50 (mg/L) Isoniazid concentration at which half SDEmax is reached 3.341 Table S1

SDγ Hill coefficient of sigmoidicity 1.131 Table S1

Rifampicin exposure–response relationships monotherapy

FGslope (L/mg) Linear inhibition of fast-multiplying bacterial growth 0.017 5

FDEmax (days−1) Maximal fast-multiplying bacterial kill rate 2.15 5

FDEC50 (mg/L) Rifampicin concentration at which half FDEmax is reached 0.52 5

SDEmax (days−1) Maximal slow-multiplying bacterial kill rate 1.56 5

SDEC50 (mg/L) Rifampicin concentration at which half SDEmax is reached 13.4 5

NDslope (L/mg/days) Linear nonmultiplying kill rate 0.24 5

PD interaction (GPDI model)

INT
FG

RIF,INH
Interaction of rifampicin to isoniazid on inhibition of F-growth 6.04 (antagonism)a Table S1

INT
FD

INH,RIF
Interaction of isoniazid to rifampicin on killing of F-state 1.828 (antagonism)a Table S1

INT
FD

RIF,INH
Interaction of rifampicin to isoniazid on killing of F-state 1,000 (antagonism)a Table S1

INT
SD

RIF,INH
Interaction of rifampicin to isoniazid on killing of S-state 136.6 (antagonism) a Table S1

PAE model isoniazid

ke0 (day−1) Equilibrium rate between ELF and effect compartment of isoniazid 7.5 Estimated from 
Chan et al 10,11

PAE model rifampicin

ke,in (days−1) Transfer rate constant into the effect compartment 150 3

ke,out, max (days−1) Maximal transfer rate from the effect compartment 1.091 3

ke,out,50 (mg/L) Rifampicin concentration at which half ke,out,max is reached 0.662 3

Isoniazid human PK

CLfast/F (L/hour) Apparent clearance for fast acetylators 21.6 15

CLslow/F (L/hour) Apparent clearance for slow acetylators 9.70 15

Vc/F (L) Apparent central volume of distribution 57.7 15

Vp/F (L) Apparent peripheral volume of distribution 1730 15

 (Continued)
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Parameter Description Value References

Q/F (L/hour) Apparent intercompartmental clearance 3.34 15

ka (hour−1) Absorption rate constant 1.85 15

tlag (hour−1) Absorption lag time 0.18 15

Pfast Proportion of fast acetylators in the population 0.132 15

θCL,HIV Linear effect of positive HIV status on CL/F –0.174 15

θVc,sex,F Linear effect of being female on Vc/F –0.103 15

IIV CL/F (%)b Interindividual variability in CL/F 18.4 15

IIV Vc/F (%)b Interindividual variability in Vc/F 16.5 15

IIV Q/F (%)b Interindividual variability in Q/F 93.1 15

IIV F (%)b Interindividual variability in F 26.2 15

IIV tlag (%)b Interindividual variability in tlag 88.4 15

IOV ka (%)b Interoccasion variability in ka 90.1 15

IOV F (%)b Interoccasion variability in F 8.4 15

Isoniazid ELF model

RELF/plasma (−)c Epithelial lining fluid/plasma concentration ratio 1.37–5.88 17

Rifampicin human PK and ELF model

Vmax (mg/hour/70 kg) Maximal elimination rate 525 14

km (mg/L) Rifampicin concentration at which half Vmax is reached 35.3 14

Vd (L/70 kg) Volume of distribution 87.2 14

ka (hour−1) Absorption rate constant 1.77 14

MTT (hour−1) Mean transit time 0.513 14

NN (−) Number of absorption transit compartments 23.8 14

Emax (−) Maximal increase in enzyme production rate 1.16 14

EC50 (mg/L) Rifampicin concentration at which half the Emax is reached 0.0699 14

kENZ (hour−1) First-order rate constant for enzyme pool degradation 6.03 × 10−3 14

Fmax (−) Maximal increase in relative bioavailability at doses above 450 mg 0.504 14

ED50 (mg) Difference in dose above 450 mg at which half the Fmax is reached 67.0 14

IIV Vmax (%)b Interindividual variability in Vmax 30.0 14

IIV km (%)b Interindividual variability in km 35.8 14

IIV Vd (%)b Interindividual variability in Vd 7.86 14

IIV ka (%)b Interindividual variability in ka 33.8 14

IIV MTT (%)b Interindividual variability in MTT 38.2 14

IIV NN (%)b Interindividual variability in NN 77.9 14

IOV km (%)b Interoccasion variability in km 18.9 14

IOV ka (%)b Interoccasion variability in ka 31.4 14

IOV MTT (%)b Interoccasion variability in MTT 56.4 14

IOV F (%)b Interoccasion variability in F 15.7 14

Correlation Vmax–km (%)   38.9 14

Rifampicin ELF model

kELF (hour−1) Transfer rate constant from plasma to epithelial lining fluid 41.58 18

RELF/plasma (−) Epithelial lining fluid/plasma concentration ratio 0.26 18

Protein binding

fu,rif (−) Fraction unbound of rifampicin 0.2 18

fu,inh (−) Fraction unbound of isoniazid 0.9 16

PAE, postantibiotic effect.
aAntagonism represents the effect less than expected additivity in biomarker level.  bIIV and IOV parameters are expressed as coefficient of variation and as a 
percentage of the parameter estimate.  cDuring the simulation, random numbers were generated from uniform distribution using the minimum value of 1.37 and 
the maximum value of 5.88.

Table 1 (Continued)
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According to this study, bidirectional antagonism was identified 
where rifampicin and isoniazid antagonized one another. Rifampicin 
became a perpetrator towards the isoniazid effect on F growth, kill-
ing of F and S states. The maximum fractional change of the slope 
of isoniazid in the presence of rifampicin in the killing of F state 
(INTFD

RIF,INH
) parameter was fixed at 1,000 because NONMEM es-

timated it at a very high value (indicating a strong antagonism on this 
rate constant) with a high parameter uncertainty. Fixing it at 1,000 
did not significantly change the model fit (ΔOFV = 0.0629) and 
the parameter estimates of other parameters. Furthermore, isonia-
zid acted as a perpetrator towards rifampicin only on the killing of F 
state. There was no interaction identified on killing of N state. Due 
to the fact that EC50 of the interaction parameter was difficult to 
estimate, some of the EC50 of the interactions were set at a very low 
value 1 × 10−5 (Eq. 10, 11, 12, 14) leading to an on/off interaction.
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Figure 2 The pcVPC (prediction-corrected visual predictive check) for the final MTP (Multistate Tuberculosis Pharmacometric) model and 
isoniazid in monotherapy applied to in vitro (a) log-phase data and (b) stationary-phase data. Open blue circles represent prediction-corrected 
observed log10 CFU (colony-forming unit) data after different isoniazid concentrations at constant exposure (0.25–64 mg/L); red solid line 
shows the median of observed data; red dashed lines are the 5th and 95th percentiles of the observed data. Top and bottom blue shaded 
areas are the 95% confidence intervals (CIs) for the 5th and 95th percentiles of simulated data; the middle red shaded areas are the 95% CI for 
the median of simulated data. The blue solid line in the lower panel is the median of the data below the LOQ (limit of quantification). The blue 
shaded area in the lower panel is the 95% CI for the simulated LOQ data. LLOQ, lower than limit of quantification.
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The final MTP-GPDI model well described the isoniazid-ri-
fampicin data at different concentrations in the stationary-phase 
data. The pcVPC also showed that the model can capture the mean 
and percentiles of the observations relatively well (Figure 3). The 
M3 method was also able to handle the data below LOQ, although 
there was an underprediction at 110 days.

Clinical phase IIa EBA predictions
All parameter values for translational prediction are listed in 
Table  1, and the illustration of the final translational MTP-
GPDI model for isoniazid-rifampicin combination is shown in 
Figure 1b.

The translational MTP model for isoniazid monotherapy suc-
cessfully predicted the dose–response relationship of EBA0–2 days, 
EBA0–5 days, and EBA0–14 days. The prediction could also capture 
the EBA observation from different studies1,22-25 at a wide range 
of isoniazid doses in the mixed population of fast and slow acetyl-
ators (Figure 4). During the estimation of the PAE parameter for 
isoniazid, the growth rate of fast-multiplying bacteria was esti-
mated to be 0.15 in order to mimic the growth control curve from 

Chan et al.10 The inoculum effect was removed during the trans-
lational prediction because this phenomenon occurs due to the 
restrictions in bacterial nutrients and space in vitro which may not 
apply in the lung. Our result also supported this argument because 
the EBA prediction was very low when the inoculum effect term 
was included (Figure S3a).

When the in vitro MIC distribution12 in M. tuberculosis H37Rv 
was included in the prediction (Figure  S3b), more EBA obser-
vations were captured by the model prediction. However, this 
implied that we included more variability of MIC measurement 
in the prediction. Using the mode of the in vitro MIC distribu-
tion (0.06 mg/L) was preferred because it still gave a good predic-
tion and captured most of the EBA observations. The simulation 
also showed that maximal efficacy has been reached for isonia-
zid in mixed populations of slow and fast acetylators (Figure 4). 
Increasing the dose above 300 mg of isoniazid did not contribute 
significantly to a higher EBA specifically on EBA0–14 days.

The EBA predictions of isoniazid in monotherapy were also 
done for distinctly different groups with respect to acetylator 
status, i.e., for fast and slow acetylators. The slow acetylator pop-
ulation (Figure  S4a) showed a relatively higher EBA at all dose 
levels compared with the fast acetylator population (Figure S4b). 
However, increasing the dose from 300 mg to 900 mg for both fast 
and slow acetylators did not substantially increase the EBA, espe-
cially at day 14.

The clinical prediction of rifampicin monotherapy has been 
shown in an earlier study3 and was incorporated into the sim-
ulation of the isoniazid-rifampicin combinations in this study. 
The translational MTP-GPDI model for isoniazid-rifampicin 
combination also successfully predicted the dose–response re-
lationship of EBA0–2 days and EBA0–14 days. Although the EBA 
observations1,20 for the combination were very limited, the 
model was able to predict the observations well (Figure 5). We 
believe that one of the two trials providing EBA0–2 days data had 
an extreme outcome indicated by a very high efficacy, i.e., very 
high EBA0–2 days, and as such cannot be captured by the 95% pre-
diction interval of the translational framework (Figure 5). The 
checkerboard plot of rifampicin and isoniazid at different doses 
(Figure 6) also indicated that increasing the rifampicin dose re-
sults in higher efficacy, although increasing the isoniazid dose 
will not significantly improve the EBA of the combination. The 
reason for this is due to the antagonism of isoniazid-rifampicin 
combination identified from exposure–response relationship 
from the in vitro data. The in vitro data showed that increasing 
rifampicin concentration in combination can increase the bacte-
rial killing (Figure S2a). On the other hand, increasing isoniazid 
concentration in combination did not significantly increase the 
bacterial killing (Figure S2b).

Sensitivity analysis
In order to analyze how each translational factor affected the 
prediction of clinical data of isoniazid in monotherapy, a sensi-
tivity analysis was performed by removing one translational fac-
tor at a time from the final translational model. Removing PAE 
from the model did not affect the prediction (Figure  S5a vs. 
Figure 4). Exclusion of MIC scaling also did not considerably 

Figure 3 The pcVPC (prediction-corrected visual predictive check) 
for the final MTP-GPDI (Multistate Tuberculosis Pharmacometric-
General Pharmacodynamic Interaction) model and in vitro stationary-
phase data of isoniazid-rifampicin in combination. Open blue circles 
represent prediction-corrected observed log10 CFU data after different 
concentrations at constant exposure (rifampicin 0.5–64 mg/L and 
isoniazid 2–64 mg/L); solid red line shows the median of observed 
data; red dash lines are the 5th and 95th percentiles of the observed 
data. Top and bottom blue shaded areas are the 95% CIs for the 5th 
and 95th percentiles of simulated data, and the middle red shaded 
areas are the 95% CI for the median of simulated data. The blue solid 
line in the lower panel is the median of the data below the LOQ (limit 
of quantification). The blue shaded area in the lower panel is the 95% 
CI for the simulated LOQ data. LLOQ, lower than limit of quantification.
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influence the prediction (Figure  S5b vs. Figure  4). On the 
other hand, changing the preincubation period from 150 days 
to 4  days affected the prediction significantly (Figure  S5c 
vs. Figure  4). An earlier publication investigated a sensitivity 
analysis for rifampicin in monotherapy in a similar way and 
found that exclusion of PAE, MIC scaling, and changing pre-
incubation period substantially affected the EBA prediction.3 
For the final translational model of isoniazid-rifampicin com-
bination, sensitivity analysis was done by excluding each INT 
parameter which represents maximum fractional change of the 
victim’s drug effect parameter caused by perpetrator. Exclusion 
of INTFD

RIF,INH
,INTFD

INH,RIF
, and INTFG

RIF,INH
 (Figure  S6a–c) 

did not considerably influence the prediction, but exclu-
sion of INTSD

RIF,INH
 shifted the EBA to a relatively high value 

(Figure S6d).

DISCUSSION
The EBA study in phase IIa trials is commonly performed to 
demonstrate bactericidal activity of a drug in monotherapy in 
early treatment. In this study, we aimed to develop an approach to 
streamline the translation of preclinical in vitro information into 
dose suggestions for clinical phase IIa EBA trials evaluating an-
tituberculosis drug combinations. The translational MTP-GPDI 
model approach that we have developed for isoniazid and rifam-
picin in monotherapy and combination in this work successfully 
predicted the drug effect from different EBA studies using in vitro 

information. This could help in the design of early TB combina-
tion trials accounting for PD interaction of the drug combination.

The MTP model was originally derived using in vitro natu-
ral growth data spanning up to 200 days. After ~ 100 days, the 
bacteria are going into the stationary-phase which was seen as a 
decrease in CFU.5 This informed the model about the rate of 
transfer from the S state to the N state. In further exposure–re-
sponse analysis, these rates are fixed, and the drug effect can then 
be quantified for all three states. The advantage of this approach 
compared with simpler models is that the MTP model can de-
scribe the dynamics of different mycobacterial states (F, S, and 
N) using CFU data, although CFU only accounted for the num-
ber of actively growing bacteria. This can identify drug effect for 
drugs with a majority of drug efficacy on N state even in EBA 
phase IIa study, such as for clofazimine,26 for which a simpler 
analysis would have concluded that the drug had no efficacy 
based on phase IIa data.

Among other TB drugs, isoniazid is known for its high early 
bactericidal activity. According to the MTP model in vitro, isoni-
azid exhibited the effect towards inhibition of growth of F, killing 
of F, and killing of S state bacteria. This result was consistent with 
the literature that isoniazid as a cell wall inhibitor kills only ac-
tively growing bacteria but displays very limited sterilizing activ-
ity against persisters.27,28 There was no trend in the observed data 
that there was emergence of resistance during the experimental 
study time, although this has been shown for other experiments in 

Figure 4 Clinical prediction (EBA0–2 days, EBA0–5days, and EBA0–14days) of the final translational MTP (Multistate Tuberculosis Pharmacometric) 
model for isoniazid monotherapy at different doses of isoniazid in mixed populations of fast acetylators (13.2%) and slow acetylators (86.8%). 
Blue solid line is the median of the prediction; blue shaded area represents the 5th to 95th percentile of the prediction; points with different 
shapes represent the clinical observations from different studies. EBA, early bactericidal activity.
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Figure 5 Clinical prediction (EBA0–2 days and EBA0–14days) of the final translational MTP-GPDI (Multistate Tuberculosis Pharmacometric-
General Pharmacodynamic Interaction) model for isoniazid-rifampicin combination in mixed populations of fast acetylators (13.2%) and slow 
acetylators (86.8%). (a) 300 mg isoniazid combined with different doses of rifampicin. (b) 10 mg/kg rifampicin combined with different doses 
of isoniazid. Solid purple line is the median of the prediction; shaded purple area represents the 5th to 95th percentile of the prediction; 
points with different shapes represent the clinical observations from different studies. CFU, colony-forming unit; EBA, early bactericidal 
activity; INH, isoniazid; RIF, rifampicin.
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vitro.6 It is believed that isoniazid resistance development cannot 
occur during treatment within an individual.29

The translational prediction of isoniazid monotherapy showed 
that isoniazid had the highest activity at EBA0–2 days compared with 
EBA0–5 days and EBA0–14 days, which indicates high bactericidal ac-
tivity but low sterilizing activity.1 The model predictions showed 
a higher agreement with the observed data for the EBA0–2 days and 
EBA0–5 days compared with the EBA0–14  days (Figure  4). However, 
there was limited observed clinical data for the EBA0–14 days predic-
tions, simply because of ethical reasons of giving monotherapy for 
14 days and risk for resistance development. As such there were only 
three mean observations from clinical trials compared with 18 mean 
observations of clinical studies contributing with observed data for 
the shorter time periods. For this longer EBA0–14days time period, two 
of the mean observed data points were outside the 95% prediction 
interval as given by the translational framework. The 95% prediction 
interval in our simulation means that there is still a 5% possibility that 
the observation lies outside the prediction interval and, as such, some 
of the observed data (5%) should lie outside the prediction interval.

Because higher doses of isoniazid have not been studied as ex-
tensively as rifampicin, we only had limited data for the higher dose 
of isoniazid. However, we can still predict lower and standard iso-
niazid doses using our approach in order to inform future clinical 
trials. The prediction of higher dose was also in agreement with the 
study from Donald et al., where the maximum effect of isoniazid 
was reached at a dose 300 mg, which indicated that increasing the 
isoniazid dose did not increase the efficacy.22

Due to the extensive metabolism of isoniazid in the fast acetylator 
population, several studies have shown lower isoniazid exposure in 
the fast acetylator than the slow acetylator population.30,31 Similar 
to our results (Figure S4), the EBA study from Donald et al. also 
demonstrated that the EBA of the fast acetylator group was lower 
compared with the slow acetylator group.32 However, other studies 
have shown that low isoniazid exposure had no significant correla-
tion with the efficacy.31,33,34 They demonstrated that the standard 
dose is enough for both acetylator groups and the higher dose 
for the fast acetylator population is only relevant for once weekly 
regimens.31-33,35

In the current study, rifampicin showed inhibition towards the 
isoniazid effect on the  growth of F, killing of F state, and killing 
of S state, but isoniazid only inhibited the rifampicin effect on 
killing of S based on the in vitro MTP-GPDI model. This is also 
in line with earlier findings from Chen et al. in a mouse study 
using the MTP-GPDI model in which the activity of the combi-
nation of rifampicin and isoniazid was predicted to be lower than 
the expected additivity.7 However, in another mouse study it was 
shown that the isoniazid and rifampicin combination interacted 
additively,36 but it was not clear how the interaction effect com-
pared with the expected additivity on the biomarker level. When 
comparing the interaction in stationary-phase data in our study 
with the interaction in the log-phase data from Clewe et al.,6 ri-
fampicin had a synergistic effect on isoniazid killing F state bac-
teria, which indicated that the interaction can differ in different 
growth phase.

Figure 6 The checkerboard plot of EBA0–2 days, and EBA0–14days at different isoniazid-rifampicin dose combinations. The color was based on the 
EBA (log CFU/mL/day) value of each regimen, where white indicated the low EBA, purple indicated medium EBA, and blue indicated the high 
EBA. CFU, colony-forming unit; EBA, early bactericidal activity; INH, isoniazid; RIF, rifampicin.
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The translational prediction of combination therapy showed an 
interesting “V shape” curve (Figure 5a), which originates from the 
antagonistic interaction. According to the study from Rockwood 
et al., isoniazid showed concentration-dependent antagonism on 
2-month culture conversion when isoniazid maximum concentra-
tion (Cmax) was < 4.6 mg/L and rifampicin Cmax/MIC was < 28.37 
In this situation, increasing rifampicin Cmax/MIC can counteract 
the antagonistic effect of isoniazid.37

The clinical prediction of this study indicated that increasing the 
dose of isoniazid in combination therapy will not increase the EBA, 
regardless of acetylator status. Although there is no clinical study 
comparing different doses of isoniazid-rifampicin in combination, 
the work confirms clinical trials showing an increased efficacy of ri-
fampicin at higher doses and no benefit of increasing the isoniazid 
dose.22,38 However, these results need to be interpreted with caution 
since they were only predictions for short-term efficacy where there is 
still an unclear relationship with long-term efficacy. More studies are 
needed to predict the long-term efficacy using this approach in order 
to optimize the dose for current TB treatment as well as for new TB 
drugs in clinical drug development. The optimal dose of the combi-
nation also needs to take into account safety and tolerability of the 
two drugs in combination.

The limitation in our study is that there were not enough data 
available in the literature to estimate the PAE parameter for isonia-
zid-rifampicin combination. The study was also limited by the lack 
of EBA data in the literature for isoniazid-rifampicin combination, 
which made it difficult to see how good our translational model 
performs to capture the EBA for different dose combinations in 
isoniazid-rifampicin combination. In our work, we used static and 
not dynamic in vitro data to characterize the exposure–response 
relationship. A study from Nielsen et al. has shown that a phar-
macokinetics–pharmacodynamics (PKPD) model with parameter 
estimates based on data from only the static time-kill curve exper-
iments in Streptococcus pyogenes could predict the majority of the 
time-kill curves data from the dynamic experiments reasonably 
well.39 Although for some drugs, differences in sensitivity to exper-
imental conditions were noted.39

Drug exposure in the lesion may be the true site of action, especially 
for persistent bacteria. However, all drugs need to be unbound in order 
to pass through membrane irrespectively of site of action. The concen-
trations in the ELF were unbound concentrations and should reflect 
target site concentrations where the plasma/tissue ratio is the same for 
ELF. For caseous lesions, the ratio to plasma might be lower due to 
permeability issues. More work is needed in order to understand these 
distribution processes. Future drug distribution models for caseous le-
sions could be incorporated into this translational framework. In our 
work we included an effect compartment in our translational model 
to account for an effect delay. In this case, the delay might include the 
transfer of the drug from the ELF to lesions.

In order to identify a precise exposure–response relationship using 
in vitro experiments, the in vitro designs need to incorporate drug expo-
sure in wide range, not only the most likely clinical exposure. Similarly, 
in order to define PD interactions using in vitro information, experi-
mental designs need to cover a wide range of exposure levels for the 
drugs of interest, not only one exposure level of each drug. Optimal 
experimental designs for in vitro experiments for identification of PD 

interactions have been studied, and a rational design using only infor-
mation about the EC50 of each drug from monotherapy is used to in-
form the design of the PD interaction studies.8

It is important that EBA studies are designed and analyzed in such 
a manner that an efficient clinical trial study is designed and analyzed 
with high power. Earlier work has shown that a PKPD model ap-
proach using the same underlying disease model as in this work, i.e., 
the MTP model, had twofold higher power for EBA studies com-
pared with traditional studies.40 Further, a PKPD model approach 
for liquid EBA studies has been shown to have a higher power since 
a traditional analysis did not reveal a statistically significant exposure–
response relationship for higher doses of rifampicin, whereas a statis-
tically significant exposure–response relationship using the same data 
was identified in a PKPD model-based analysis.38

In conclusion, our translational approach using the MTP-GPDI 
model from in vitro experiments coupled with translational factors 
can be used to guide dose selection in phase IIa EBA trials for TB 
combination therapy. This approach can possibly support testing 
more combination treatment regimens in phase IIa EBA trials in 
order to accelerate TB drug development.
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