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SYNOPSIS 

Background: Despite wide clinical acceptance, the use of weight-banded dosing regimens for 

the treatment of tuberculosis in adults has been defined on an empirical basis. The potential 

impact of known covariate factors on the exposure to the different drugs has not been taken 

into account. 

Objectives: To evaluate the effect of demographic factors on the exposure to standard of care 

drugs after weight-banded dosing, as currently recommended by tuberculosis treatment 

guidelines. In addition, we aim to identify alternative dosing regimens that ensure 

comparable systemic exposure across the overall patient population 

Methods: Clinical trial simulations were performed to assess the differences in systemic 

exposure in a cohort of virtual patients. Secondary pharmacokinetic parameters were used to 

evaluate the adequacy of each regimen along with the percentage of patients achieving 

predefined thresholds. 

Results: Our results show that patients below 40 kg are underexposed relative to patients 

with higher body weight. The opposite trend was observed following crude weight band- 

based dosing regimen with 50 kg as cut-off point. Simulations indicate that a fixed dose 

regimen based on three (<40 kg), four (40-70 kg) or five (>70 kg) tablets of 150 mg rifampicin, 

75 mg isoniazid, 400 mg pyrazinamide and 275 mg ethambutol reduces variability in exposure, 

increasing the overall probability of favourable long-term outcome across the population. 

Conclusions: These findings suggest the need to revisit current guidelines for the dose of 

standard of care drugs for tuberculosis treatment in adults. The proposed fixed dose regimen 

should be considered in future clinical trials.   



 

INTRODUCTION 

The WHO and International Union Against Tuberculosis and Lung Disease (IUATLD) have 

published guidelines for treatment of tuberculosis (TB) which include recommendations for 

standardized first-line dosing regimens 1, 2. Although considerably effective in clinical trial 

settings, the rationale underpinning dosing regimens of modern short-course therapy have 

been empirical 3. As a result, the dosing regimens that are currently used for TB treatment 

have never been optimized taking into account the known sources of variability in the 

pharmacokinetics (PK) of each drug. Consequently, the implications of variability in exposure 

for the evaluation of efficacy after treatment over periods shorter than 6 months has not 

been considered in recent clinical trials.  

The lack of consensus regarding the optimal regimen and limited evidence on the impact of 

different regimens on the efficacy and safety profile of the standard of care drugs may partly 

explain the discrepancies in the choice of dosing regimens used in current clinical practice. 

Moreover, there are no data showing that each of these regimens warrants comparable 

exposure across the trial population. A few studies in the published literature have focused 

on the evaluation of PK variability of first-line drugs across the WHO weight bands 4-8. A 

correlation between weight and drug concentrations was found in all analyses, implying that 

patients with lower body weight will be exposed to lower drug levels despite the use of weight 

band-based dosing regimens. These findings support the need to revisit the current dosing 

recommendations 9. 

Growing evidence suggests that the currently recommended dosing regimens are sub-optimal 

10-13. Assessing the impact of different regimens on drug exposure variability across weight 

bands used in TB treatment would however require a complex, expensive and ethically 



 

complex clinical study. In fact, considering the reality of poverty-related diseases and the 

limited funding available, such clinical trials are unlikely to be conducted in the near future. 

Nevertheless, such limitations should not prevent us from evaluating and optimizing the dose 

rationale for the first-line treatment of TB. In fact, this has been one of the focus of the clinical 

debate regarding the effective use of antibiotics for more than a decade, as it represents the 

most direct method for improving treatment outcome, potentially allowing for shorter 

intervention and tackling resistance 14.  

The aim of present study was therefore to evaluate the implications of different dosing 

regimens for all four drugs used as standard of care in adults taking into account the effect of 

body size on systemic drug exposure. Whereas pharmacodynamic (PD), immunological and 

microbiological aspects also contribute to variability in response, the ultimate goal of this 

analysis was to minimize the impact of differences in drug disposition by identifying the 

optimal ratio for standard care fixed dose combination (FDC) regimens that ensure 

comparable systemic exposure across the patient population.  



 

METHODS 

Patient population  

Individual datasets from five clinical studies were obtained from the Innovative Medicines 

Initiative (IMI) funded PreDiCT-TB consortium and three clinical studies from the Critical Path 

to TB Drug Regimens (CPTR) database. The Critical Path to TB Drug Regimens initiative is a 

public-private partnership launched in March 2010 by Critical Path Institute, the Bill & 

Melinda Gates Foundation and the Global Alliance for TB Drug Development (TB Alliance). 

The baseline demographic characteristics of the patient population in each study is 

summarised in Supplementary Material (Table S1). Age, weight, height and sex were the 

covariates of interest. Only patients who were between 18 and 65 years of age were included 

in the analysis. Patients who were HIV positive or had unknown HIV status were excluded. 

The final patient population for the PK simulations will be referred as “trial population” 

onwards. 

Population pharmacokinetic analysis 

Published PK models of rifampicin 15, isoniazid 16, pyrazinamide 17 and ethambutol 18 were 

used to simulate concentration versus time profiles during the intensive phase of TB 

treatment (Supplementary Material, Figure S1).  The chosen PK sampling times were: 0, 0.25, 

0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12 and 24 hours post dose. No changes with respect to the model 

structure (i.e. random and fixed effect, or covariate effect) were made. An exception was 

made with regard to inter-occasion variability (IOV). These parameters were excluded in our 

analysis to minimize study-related bias in the simulated PK variability. Sources of parameter 

variability in the simulations were hence derived from inter-individual variability and 

covariate effect. Size was included as covariate for clearance (CL/F) in all PK models, either 



 

using weight (isoniazid, pyrazinamide, and ethambutol) or normal fat mass (NFM; rifampicin). 

NFM can be predicted from sex, weight and height as per described by Holford and 

Anderson19. NAT2 genotype was an additional covariate for CL/F in the isoniazid PK model. PK 

simulations were performed in the trial population (200 trial simulations) to assess the 

magnitude of the differences in drug exposure following currently recommended dosing 

regimens, as well alternative regimens identified in present analysis. 

Assessment of PK variability following the current dosing regimens 

Considering that systemic exposure is likely the most relevant index for efficacy 20, 21, area 

under the plasma concentration-time curve (AUC0-24) at steady state was derived following 

dosing regimens based on WHO guidelines and crude weight band where 50 kg was chosen 

as cut-off value. According to WHO guidelines 2, patients in respectively <40 kg, 40-54 kg, 55-

70 kg or >70 kg weight band received a daily fixed dose of 2, 3, 4 or 5 tablets of 150 mg 

rifampicin, 75 mg isoniazid, 400 mg pyrazinamide and 275 mg ethambutol for 2 months. 

Patients treated with crude weight band-based regimen were given a daily fixed dose of either 

3 (<50 kg) or 4 tablets (≥50 kg). The trapezoidal rule was used to calculate AUC0-24. Taking into 

account accepted variation due to differences in formulation 22, variation in exposure across 

weight bands was considered acceptable if the average AUC0-24 did not vary by more than 

20% (80-120%) relative to the highest WHO weight band (>70 kg), which was treated as 

reference. At last, the relationship between weight, CL/F and drug exposure was evaluated to 

demonstrate the contribution of body size on PK variability. 



 

Software 

The statistical software R (version 3.2.5) 23 was used for data preparation, data analysis, 

statistical and graphical summaries. NONMEM 7.3 24 was used to simulate concentration 

versus time profiles. 

 

RESULTS 

Patient population 

2231 patients (676 female and 1555 male) were included in this analysis. Baseline 

characteristics of this main population is summarised in Table 1. The median height stratified 

by sex and WHO weight band population (Supplementary Material, Table S2) was imputed 

for respectively 123 female (5.5%) and 275 male patients (12.3%) for whom NFM  (a covariate 

in the rifampicin PK model) otherwise could not be calculated due to missing height. The 

distributions of the continuous covariates of interest in the trial population are presented in 

Figure 1.  

PK variability associated with currently recommended dosing regimens  

AUC0-24 at steady state was derived from the simulated concentration-time profiles at the end 

of the intensive phase. Dosing regimens based on WHO recommended weight bands (<40kg, 

40-54kg, >54-70kg and >70kg) yielded highly variable exposure across the population (Figure 

2). Subjects who weighed less than 40 kg appeared to be under-dosed when compared to the 

rest of the population and displayed on average more than 20% lower AUC0-24 as compared 

to patients in the highest WHO weight band (Figure 3). Conversely, comparable exposure 

between patients weighing up to 70 kg was achieved when using a crude weight band in which 

50 kg was used as cut-off value (Figure 2). However, in this case under-dosing occurred in 



 

patients in the highest weight band (>70 kg), wherein the simulated AUC0-24 was on average 

more than 20% lower than to patients weighing less than 40 kg (Figure 3). This finding was 

rather expected as heavier patients received less than WHO recommended dosage (4 instead 

of 5 tablets). 

Proposal for an adjusted weight-banded dosing regimen 

The weight-band based dosing regimen that yields comparable exposure range across the 

population is presented in Table 2. Based on this regimen, patients weighing less than 40 kg 

were given 3 instead of 2 FDC tablets where patients between 40 and 54 kg received 4 (instead 

of 3) FDC tablets. Simulations revealed that the use of the proposed regimen resulted in 

considerably lower variation in drug exposure (<20%) across the population (Figures 2 and 3).  

Assessment of body size-specific effect on exposure variability 

Our analysis showed that currently recommended dosing regimens fail to take into account 

the nonlinear relationship between body size and drug clearance (Figure 4). Using rifampicin 

as example, Figure 4 showed that rifampicin CL/F (per kg body weight) in patients weighing 

<40 kg were in fact on average 1.2-fold faster than patients weighing >70 kg. Similar 

observations were found for isoniazid, pyrazinamide and ethambutol as well. Consequently, 

these results demonstrate that a more than proportional dose change is needed for standard 

of care drugs, especially for patients in the lowest weight-band, to account for the higher 

clearance per kg body weight.   



 

DISCUSSION 

Our results show that despite the use of weight bands, the recommended dosing regimens 

do not correct for the influence of body size on drug disposition. None of the currently used 

regimens yields satisfactory exposure variability across all the population of TB patients. The 

use of clinical trial simulations showed that currently recommended dosing regimens result 

in wide variation in drug exposure across patients with different body weight. The usage of a 

crude weight band based on 50 kg cut-off value seemed to improve the variability in exposure 

in patients up to 70 kg but simultaneously yielded lower exposure levels in patients at the 

highest weight band. Such differences in exposure can contribute to treatment failure and 

should not be overlooked. Of interest is the implications for patients in the lowest weight 

band (<40 kg), whom according to our analysis, appears to be underexposed when treated 

according to the WHO weight banded regimens. Indeed, studies have found an association 

between low bodyweight and unsuccessful treatment outcome or delayed culture conversion 

25-27. 

The current dosing recommendations assume a linear correlation between weight and drug 

elimination whereas a nonlinear relationship between body weight and systemic exposure 

can be observed for many drugs 28. Such nonlinearity was clearly demonstrated in our 

analysis. A nonlinear correlation between body weight and drug clearance has been found for 

numerous compounds, supporting the importance of acknowledging this relationship when 

defining doses and dosing regimens 28.  

Reducing variability in drug exposure is critical for the optimisation of treatment response 

A fixed dosing regimen of 3 (<40 kg), 4 (40-70 kg) and 5 tablets (>70 kg) of 150 mg rifampicin, 

75 mg isoniazid, 400 mg pyrazinamide and 275 mg ethambutol was found to yield the desired 



 

target drug exposure as compared to standard WHO regimen whilst reducing overall 

variability of all first-line drugs. The proposed increase in the doses of all four drugs for 

patients below 54 kg is expected not to lead to a higher increase in adverse events as was 

shown recently with higher doses of rifampicin 11.  

We acknowledge that better target exposure achievement, efficacy and potentially shorter 

treatment duration may require much higher doses than is currently prescribed 11, 29. 

Nonetheless, reducing variability is in itself an important step in improving therapeutics. We 

have identified an optimal ratio for standard care FDC regimen that has the potential to 

immediately benefit TB patients. On the long term, we envisage that addition of higher doses 

of key sterilizing drugs such as rifampicin or pyrazinamide to our proposed dosing regimen 

will lead to a truly optimized TB treatment as a result of maximising efficacious exposure and 

minimizing PK variability across the patient population.  

We also acknowledge that currently used weight band cut-offs may not be optimal for 

reducing variability in exposure. On the other hand, given these cut-offs have been used in 

clinical practice for a long time, we believe that adhering to currently used weight groups 

would facilitate the implementation of the proposed dose recommendation.  

Limitations 

Our analysis has several limitations. First, only a small fraction of the patient population that 

were included was below 40 kg (2.1%) which might be lower than in real setting. A survey 

performed in 2001 as part of the National TB programme in Kenya, Nepal and Senegal 

(n=8640) showed that the fraction of patients weighing below 40 kg could be approximately 

as much as 30% 30.  



 

Second, the PK models we used were developed based on relatively small number of patients. 

As such, we may have imposed factors on our predicted drug that may have been specific to 

those studies only (such as formulation effects or genetic variants). The PK models did not 

include additional covariates that may also be relevant for PK variability such as genotype 

(except for isoniazid), race or other co-morbidities (e.g., HIV). Consequently, we were not able 

to take into account the potential effect of covariates other than size and/or sex on PK 

variability in our proposed dosing regimen. The effect of genotype on isoniazid PK has been 

evaluated earlier 16 and was therefore not explored in detail in this analysis. Most importantly, 

we have not included HIV patients into the analysis, who are affected by drug-drug 

interactions (DDI) with antiretrovirals 31, 32. Further assessment on the role of antiretrovirals 

for dose optimization in TB-HIV patients is the scope of a future investigation by our group.  

Finally, we recognise that the limited microbiological and clinical cure data may weaken the  

inferences regarding the impact of underexposure to standard of care drugs, i.e., that those 

patients are effectively at a higher risk of treatment failure or relapse. Given that current first-

line treatment can already achieve as much as 83% success rate 33, further testing of this 

hypothesis would be desirable to demonstrate that PK factors may partly explain the 

observed efficacy rates, especially if one considers that the frequency of low body weight 

patients in the real population is far larger than those enrolled in clinical trials 30.  

In conclusion, the impact of body size on PK variability highlights the relevance of 

discriminating patient from drug-related factors during the development of novel treatments 

for TB. Clinical trial simulations showed that regimens based either on the currently 

recommended WHO weight bands or crude weight bands lead to inadequate drug exposure 

variability across the population. By contrast, an adjusted fixed dose regimen based on three 



 

(<40 kg), four (40-70 kg) or five (>70 kg) tablets of 150 mg rifampicin, 75 mg isoniazid, 400 mg 

pyrazinamide and 275 mg ethambutol was shown to reduce the variability in systemic 

exposure.  This may have direct implications for efficacy rates and long-term outcome across 

the population. Our findings suggest the need to revisit current guidelines on the use of 

standard of care drugs for TB.  
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FIGURE AND TABLE LEGENDS 

 

Figure 1. Density plots of the baseline demographic characteristics of the trial population 

(N=2231). Height distribution was available from 1833 patients only.  



 

 

Figure 2. Comparison of simulated AUC0-24 at steady state following proposed adjusted dosing 

regimens versus regimens based WHO recommended weight band and cut-off value of 50 kg 

(N=2231; 200 clinical trial simulations). Box-plots depict 5th, 25th, median, 75th and 95th 

percentile of simulated secondary PK parameters.  



 

 

Figure 3. Comparison of predicted relative variability in median exposure across the trial 

population following proposed adjusted dosing regimens (closed squares) versus regimens 

based WHO recommended weight band (closed circles) and cut-off value of 50 kg (closed 

triangles). Patients in the highest WHO weight band (>70 kg) were selected as the reference 

population. Dashed horizontal lines represent the variability acceptance interval (80-120%). 



 

 

Figure 4. Predicted non-linear relationship between weight and clearance (CL/F) of the 

standard of care drugs in the trial population (N=2231). Closed circles represent the simulated 

median individual CL/F, normalized to body weight.   



 

Table 1. Summary of demographic characteristics of the trial population.  

Age (years) 35 (18-65) 

Weight (kg) 58 (32-141) 

N patients per WHO weight band (%)  

<40 kg 46 (2.1%) 

40-54 kg 759 (34) 

55-70 kg 1054 (47.2) 

>70 kg 372 (16.7) 

N patients per crude-weight band (%)  

<50 kg 460 (21) 

≥50 kg 1771 (79) 

Height (cm)* 168 (131-200) 

Body mass index (kg/m2)* 20.3 (12-57) 

Male patients 1555 (69.6%) 

Data are presented as median (range) unless stated otherwise; * data available from 1833 

patients 

  



 

Table 2. Proposed adjusted weight-band based dosing regimen for first-line antitubercular 

drugs. Under the proposed dosing regimen, 1 additional fixed-dose combination tablet was 

given to patients in the <40 kg (from 2 to 3) and 40-54 kg (from 3 to 4), in comparison to WHO 

recommendations. 

Drugs (tablet strength) 
Daily dose for each weight band (no of tablets) 

< 40 kg 40-54 kg 55-70 kg > 70 kg 

Rifampicin (150 mg) 

3 4 4 5 
Isoniazid (75 mg) 

Pyrazinamide (400 mg) 

Ethambutol (275 mg) 

 










