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Background. The weight-band dosing in tuberculosis treatment regimen has been implemented in clinical practice for decades. 
Patients will receive different number of fixed dose combination tablets according to their weight-band. However, some analysis 
has shown that weight was not the best covariate to explain variability of rifampicin exposure. Furthermore, the rationale for using 
weight-band dosing instead of flat-dosing becomes questionable. Therefore, this study aimed to compare the average and the varia-
bility of rifampicin exposure after weight-band dosing and flat-dosing.

Methods. Rifampicin exposure were simulated using previously published population pharmacokinetics model at dose 
10–40 mg/kg for weight-band dosing and dose 600–2400 mg for flat-dosing. The median area under the curve (AUC0–24 h) after day 
7 and 14 were compared as well as the variability of each dose group between weight-band and flat-dosing.

Results. The difference of median AUC0–24 h of all dose groups between flat-dosing and weight-band dosing were considered low 
(< 20%) except for the lowest dose. At the dose of 10 mg/kg (600 mg for flat-dosing), flat-dosing resulted in higher median AUC0–24h 
compared to the weight-band dosing. A marginal decrease in between-patient variability was predicted for weight-band dosing 
compared to flat-dosing.

Conclusions. Weight-band dosing yields a small and non-clinically relevant decrease in variability of AUC0–24h.
Keywords.  flat-dosing; weight-band dosing; simulation; pharmacokinetics; rifampicin.

Rifampicin is one of the first-line drugs in tuberculosis (TB) 
treatment regimen. However, the current rifampicin dose of 
10 mg/kg/day was not optimized using dose-finding studies but 
influenced by economic reasons, fears of toxicity, and pharma-
cokinetic considerations [1]. Studies have suggested that this 
particular rifampicin dose might be too low. In the past decade, 
higher doses of rifampicin up to 35 mg/kg/day resulting in up 
to 10-fold higher exposures in plasma have been investigated in 
patient with pulmonary TB and TB meningitis [2–11].

In current standard treatment for drug-susceptible TB, rifam-
picin is given as one formulation using fixed-dose combination 
(FDC) tablets together with other drugs including isoniazid, 
pyrazinamide, and ethambutol. The number of FDC tablets to be 
taken is dependent on the weight of the patient and is determined 
by so-called weight bands. There is, however, no clear reason 
why rifampicin is given as a weight-band dosing. It was assumed 

that by correcting the dose based on body weight, the patients 
would receive lower degree of toxicities but still result in desirable 
therapeutics effect. In general, body weight can reduce the varia-
bility of drug concentrations in plasma across individuals if body 
weight explains a large proportion of between-patient variability 
in pharmacokinetics (PK). However, some studies have suggested 
that fat-free mass (FFM) is a better covariate to explain the var-
iability of rifampicin exposure than total body weight [12–14].

Despite the fact that the use of weight-band dosing is relatively 
simple, it becomes problematic when a patient shifts to another 
weight-band due to the change of patients’ body weight during 
the treatment. Some countries have also implemented different 
weight-band compared to current World Health Organization 
(WHO) guideline [15]. In contrast, flat-dosing, where all patients 
receive the same dose, is an easy way of administering the drug 
to patients. It is also indicated when the therapeutic window of 
a drug is broad and covariates do not explain between-patient 
variability. Therefore, we aimed to investigate average exposures 
achieved and between-patient variability of rifampicin after flat-
dosing and weight-band dosing using clinical trial simulations at 
a standard dose and higher doses.

MATERIALS AND METHODS

Patients and Study Design in the Original Trial

The pharmacokinetic data of rifampicin for weight-band 
dosing was collected from HIGHRIF 1 trial (clinical trials 
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registration NCT01392911). In summary, 83 adult patients 
with drug-susceptible tuberculosis in Cape Town (South 
Africa) were enrolled in the study. Patients received treatment 
with rifampicin as a single drug (monotherapy) for the first 
7 days and followed with 7 days of rifampicin in combination 
with isoniazid, pyrazinamide, and ethambutol. The control 
group received 10  mg/kg (n = 8) rifampicin and the experi-
mental group received 20, 25, 30, 35, and 40 mg/kg (n = 15/
group) rifampicin according to weight-band dosing. The 
plasma concentrations were measured at 0, 0.5, 1, 1.5, 2, 3, 4, 
6, 8, 12, and 24 hours on day 7 and 14 to obtain a full pharma-
cokinetic curve. More details about study design can be found 
in the original publication [2].

Population Pharmacokinetic Model

A previously developed population pharmacokinetic model of 
rifampicin using 10–40 mg/kg dose range was used in this study 
[16]. The predictive properties of the model have been evalu-
ated and found to be superior to other published population 
pharmacokinetic models [17]. All model parameters are sum-
marized in Table  1. The model consists of a 1-compartment 
disposition model, a transit compartment absorption model, 
dose-dependent bioavailability, enzyme auto-induction, and a 
concentration-dependent saturation of clearance. The relation-
ship between dose and bioavailability was described using an 
Emax model where the bioavailability increases by the dose until it 
reaches maximum value. An enzyme turnover model was used 
to account for the time-course of the auto-induction. Michaelis-
Menten kinetics was used to characterize the relationship be-
tween rifampicin concentration and clearance. To account for 
the variability within the population, inter-individual variability 
(IIV), inter-occasion variability (IOV), and additive residual 
error model on log scale was incorporated into the model. The 
occasion was defined as different regimen at week 1 and 2. FFM 
was used for allometric scaling of typical apparent clearance 
(CL/F) and typical apparent V/F, as shown in equations (1)–(2).

CL/F(CP) =

Å
Vmax

km + Cp

ã
×
Å

FFM

70

ã0.75

 (1)

V/F = (V/F)typ ×
Å

FFM

70

ã
 (2)

The noncompartmental analysis (NCA) derived area under 
the curve (AUC0–24h) based on observed concentrations in the 
original trial was compared to NCA derived AUC0–24h based on 
the simulated weight-band dosing in order to check whether 
the pharmacokinetic model used in this analysis was properly 
implemented.

Simulation of Exposures After Flat- and Weight-band Dosing

The flow chart of the simulation of rifampicin exposure in 
weight-band dosing and flat-dosing is shown in Figure  1. 

Patient covariates distribution from the original study were ran-
domly sampled to reach 83 000 patients in order to create 1000 
new trials mimicking the HIGHRIF1 trial. During covariates 
resampling, we maintained the correlation of the covariates in-
cluding body weight and FFM. For each trial in weight-band 
dosing simulations, patients in each dose group received 10 
(n = 8 subjects, reference group), 20, 25, 30, 35, or 40 (n = 15 
subjects/group) mg/kg daily oral rifampicin for 14  days. The 
dose of rifampicin strictly followed the weight-band dosing as 
in the HIGHRIF1 study (Table S1A–H) where at dose 10 mg/
kg followed weight-band dosing from WHO guideline. The 
number of tablets to be taken was based on the weight bands 
of the patients. However, for each dose group in the flat-dosing 
simulations, subjects received 600 (n  =  8 subjects, reference 
group), 1200, 1500, 1800, 2100, or 2400 (n = 15 subjects/group) 
mg/day. The doses for flat-dosing were derived using the as-
sumption that all patients in each dose group received the same 
dose as the patient with 60  kg body weight in weight-band 
dosing. Both flat- and weight-band dosing were considering 
the available dose strength as can be seen in Table S1. Because 
patients also received isoniazid, pyrazinamide, and ethambutol 

Table 1. Parameters of the Population Pharmacokinetic Model of 
Rifampicin

Parameter Description Estimate

Vmax (mg∙h−1∙70 kg−1) Maximal elimination rate 525

km (mg∙L−1) Rifampicin concentration at which 
half Vmax is reached

35.3

Vd (L∙70 kg−1) Volume of distribution 87.2

ka (h
−1) Absorption rate constant 1.77

MTT (h) Mean transit time 0.513

NN Number of transits 23.8

Emax Maximal increase in enzyme  
production rate

1.16

EC50 (mg∙L−1) Rifampicin concentration at which 
half the Emax is reached

0.0699

kENZ (h
−1) First-order rate constant for enzyme 

pool degradation
0.00603

Fmax Maximal increase in relative  
bioavailability at doses above  
450 mg

0.504

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

67.0

IIV Vmax (%) Inter individual variability in Vmax 30.0

IIV km (%) Inter individual variability in km 35.8

IIV Vd (%) Inter individual variability in Vd 7.86

IIV ka (%) Inter individual variability in ka 33.8

IIV MTT (%) Inter individual variability in MTT 38.2

IIV NN (%) Inter individual variability in NN 77.9

IOV km (%) Inter occasion variability in km 18.9

IOV ka (%) Inter occasion variability in ka 31.4

IOV MTT (%) Inter occasion variability in MTT 56.4

IOV F (%) Inter occasion variability in F 15.7

Correlation Vmax-km (%) Correlation between Vmax-km 38.9

(%) Additive error on log scale 23.6
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after day 7 in the HIGHRIF1 study, we assumed that there was 
no pharmacokinetic interaction with those companion drugs.

The plasma concentration profile for each individual was sim-
ulated at day 7 and day 14 with the same sampling schedule as 
in the original study. Individual rifampicin exposure (AUC0–24h) 
at day 7 and 14 were then calculated using noncompartmental 
analysis (NCA). The median and coefficient of variation (CV%) 
of AUC0–24h for each dose group were summarized based on the 
1000 simulated trials. In addition, to reflect the variability in 
the simulations, the 90% prediction interval (PI) was calculated 
based on the 1000 simulated trials.

Software and Analysis

The simulations were performed using the software NONMEM 
(version 7.4). The limit of quantification (LOQ) was assumed to 
be 0.13 mg/L as in the original study. The M3 method was im-
plemented in the simulation to handle samples below the LOQ 
[18]. Data management and visualization were performed in R 

(version 3.5.2). The AUC0–24h at day 7 and 14 were calculated 
using the “ncappc” package in R [19]. The data below LOQ was 
excluded while calculating the AUC0–24h using NCA. The com-
parison between flat-dosing and weight-band dosing simula-
tion was performed based on the median, CV%, and PI of using 
simulated data.

RESULTS

Patients Characteristics in the Original Study

The patients’ demographics in the HIGHRIF1 trial are given in 
Table S2. The distribution of patients’ body weight involved in 
the HIGHRIF1 trial is visualized in Figure 2. Most of the patients 
involved in the original trial lied within 38–54 kg and 55–70 kg 
weight-band. In practice, only small proportion of adult TB pa-
tients fall within 30–37 kg or above 70 kg. Therefore, we assumed 
that this data is appropriate to represent distribution of body 
weight in general TB patient populations for further analysis.

Figure 1. Flow chart of the simulation of rifampicin exposure in weight-band dosing and flat-dosing. Abbreviations: AUC, area under the curve; CV, coefficient of variation; 
NCA, noncompartmental analysis; RIF PopPK, rifampicin population pharmacokinetics.
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Population Pharmacokinetics Model

The previously developed population pharmacokinetic 
model well-predicted the observed AUC0–24h after doses range 
10–40 mg/kg/day of weight-band dosing, as shown in Figure 3. 
The results indicated that the implementation of pharmacoki-
netic model used in the simulation of this study was appropriate.

Simulation of Exposures After Flat- and Weight-band Dosing

Table  2 shows the summary statistics for the simulated NCA 
AUC0–24h of each dose group for weight-band dosing compared 
to flat-dosing at day 7 and 14.

The median of simulated NCA AUC0–24h at day 14 was lower 
than the median of predicted AUC0–24h at day 7 in both simu-
lation settings, which can be ascribed to the phenomenon of 

auto-induction by rifampicin. The overall difference in me-
dian AUC0–24h of all dose groups after flat-dosing relative to 
weight-band dosing at day 7 and 14 were considered low (< 
20%). However, for the lowest dose of 10  mg/kg (600  mg for 
flat-dosing), flat-dosing resulted in about 40% higher median 
exposure compared to the weight-band dosing. There are also 
some differences in the median value between observed AUC0–

24h (Table 3) and simulated AUC0–24h (Table 2) of weight-band 
dosing. The differences in median between predicted and ob-
served is due to that the observed is a sample of the true pop-
ulation for that dose. With high between-patient variability, 
the median of a sample will have some uncertainty. The pre-
dicted median based on the model, integrates information from 
all doses and as such, the precision in this estimate is higher 
than the sample for a single observed dose. Our work showed 
that the observed AUC0–24h can be predicted well (as shown in 
Figure 3) and as such, the predicted values are reliable despite 
some differences compared to the observed.

The simulated variability in AUC0–24h ranged between 
43–64% throughout all dose group (Table 2) and was simulated 
from the variances estimated from the observed concentra-
tions in the original population PK model (Table 1). As such, 
the simulated exposures had a relatively consistent variability 
between the dose groups whereas the variability in observed ex-
posure between the dose groups varied due to the low patient 
sample size per dose group. In the observed data, the variability 
of AUC0–24h at different doses were still relatively high even after 
the patients were given the dose based on body weight as pre-
sented in Table 3. In the simulated data, weight-band dosing at 

Figure 2. Distribution of body weight of patients involved in HIGHRIF1 trial stratified by mg/kg dose. Dashed line represented different weight-band according to World 
Health Organization guideline.

Figure 3. Comparison of noncompartmental analysis (NCA) area under the curve 
(AUC0–24h) after weight-band dosing simulations using the population pharmacoki-
netic model to the NCA AUC0–24h based on observed data from the HIGHRIF1 trial at 
(A) day 7 and (B) day 14. The dots represent the NCA AUC0–24h based on observed 
data from HIGHRIF1 trial. The black solid line represents the median of the NCA 
AUC0–24h based on simulated data. The gray shaded area represents the 5th and 
95th percentile of NCA AUC0–24h based on simulated data.
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dose 10 mg/kg surprisingly gave higher variability than 600 mg 
flat dose. However, there was almost no difference in between-
subject variability (% CV) after flat-dosing at doses between 20 
and 35 mg/kg/day at day 7 and day 14 compared with weight-
band dosing, although the variability of dose group 40 mg/kg 
was higher for flat-dosing than weight-band dosing.

Figure 4 visualized the comparison of median and 90% pre-
diction interval (5th to 95th percentile) of the simulated NCA 
AUC0–24h after different doses of rifampicin after flat-dosing and 
weight-band dosing at day 7 and day 14. The numerical com-
parison can be found in Table S3. The median and prediction 
interval after weight-band and flat-dosing almost overlapped at 
all dose levels. A marginally lower between-patient variability 
was predicted for weight-band dosing compared to flat-dosing.

DISCUSSION

In this study, the difference in rifampicin exposure (AUC0–24h) 
after weight-band dosing was compared to flat-dosing at 
standard and higher doses using clinical trial simulations. The 
overall difference in median AUC0–24h of doses above 10 mg/kg 
were considered low after flat-dosing compared to weight-band 
dosing at day 7 and 14 (< 20%). However, 10 mg/kg/day (600 mg 
for flat-dosing) resulted in an approximately 40% higher me-
dian AUC0–24h after flat-dosing compared to the weight-band 
dosing (Table 2). Higher median AUC0–24h for 600 mg on flat 
dosing than 10  mg/kg of weight-band dosing was considered 

good because it has been shown that higher exposure from 
higher dose gave better efficacy [11, 13].

We also showed that the between-patient variability of ri-
fampicin exposure after flat-dosing and weight-band dosing is 
expected to be similar. The similarity in exposure between flat-
dosing and weight-band dosing is translatable to similarity in 
efficacy. Several studies suggested that current rifampicin dose 
is not adequate and in the future higher doses of rifampicin will 
most likely be used. The exposure-response relationship for 
high dose rifampicin have also been identified in several studies 
[11, 13]. Future studies should study the safety and efficacy of a 
high flat-dosing regimen.

Because of the high inter-individual variability of rifampicin 
in relation to the low variability in exposure explained by body 
weight, the use of weight-band dosing will not reduce the var-
iability in rifampicin exposure. There may be some unknown 
causes of rifampicin between-patient variability, which has not 
yet been explored and identified. More work should be under-
taken in order to identify sources for the high between-patient 
variability. However, there is still a possibility to reduce between 
patient variability in exposure by optimising each individual 
dose in relation to a target exposure, that is, therapeutic drug 
monitoring (TDM) in order to maximize the benefit-risk for 
each patient.

Table 2. Comparison of Median and Between-Patient Variability (% CV) in AUC0–24h After Flat-Dosing and Weight-Band Dosing

mg/kg Weight-Band 
Dose (mg Flat Dose)

Number of  
Simulated Subjects

Median AUC0–24h (% CV)   
Day 7

Median AUC0–24h (% CV)   
Day 14

Weight-Band 
Dosing Flat-Dosing

Difference in 
Median (%)

Weight-Band 
Dosing Flat-Dosing

Difference in 
Median (%)

10 (600) 8000 40.60 (53) 56.85 (46) 40.02 36.50 (50) 50.77 (43) 39.10

20 (1200) 15 000 133.45 (48) 144.36 (48) 8.18 116.56 (45) 126.72 (46) 8.72

25 (1500) 15 000 167.01 (50) 195.12 (50) 16.83 145.62 (46) 168.84 (47) 15.95

30 (1800) 15 000 219.35 (50) 253.59 (51) 15.61 189.40 (46) 218.71 (47) 15.48

35 (2100) 15 000 278.53 (53) 283.39 (56) 1.74 238.30 (49) 242.94 (49) 1.95

40 (2400) 15 000 332.32 (58) 385.68 (64) 16.06 283.63 (49) 329.15 (55) 16.05

Abbreviations: AUC, area under the curve; CV, coefficient of variation.

Table 3. Median and Between-Patient Variability (% CV) in AUC0–24h From 
Observed HIGHRIF1 Trial Data

Dose (mg/kg) Number of Subjects

Median AUC0–24h (% CV)

Day 7 Day 14

10 8 40.52 (18) 24.80 (25)

20 15 140.43 (23) 110.28 (23)

25 15 176.72 (37) 125.38 (31)

30 15 294.87 (54) 170.11 (46)

35 15 308.23 (34) 240.49 (20)

40 15 341.00 (42) 232.04 (23)

Abbreviations: AUC, area under the curve; CV, coefficient of variation.

Figure 4. Comparison of median and the 90% prediction interval for area under 
the curve (AUC0–24h) after flat- and weight-band dosing simulation at (A) day 7 and 
(B) day 14. Solid line represents the median of the simulated data, shaded area rep-
resents the 5th and 95th percentile of simulated data (light gray: flat-dosing, dark 
gray: weight-band dosing). 
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The concern is then raising about the practical implication of 
rifampicin flat-dosing. In our study, we demonstrated that both 
regimens translate to the same exposure. Our analysis provides 
insight in the importance of flat-dosing and the future will most 
likely involve much higher doses of rifampicin compared to the 
current guideline and FDC, which is targeting the 10 mg/kg. This 
result could also be useful in developing new formulations, espe-
cially when information regarding the influence of body weight 
on the PK of the other drugs in the FDCs becomes available.

The limitation of this study is that the simulation data set was 
based on the HIGHRIF1 trial, in which the number of patients 
in the 10 mg/kg or 600 mg dose group was also less than other 
dose groups (8 subjects compared to 15 subjects). In the simu-
lation, we simulated in total 8000 patients for the lowest dose 
group and 15  000 patients for the higher doses group. These 
numbers have no difference since both are big sample size. We 
also want to maintain the consistency with the original study so 
that we can compare it with the observed value. In this study, we 
used NCA analysis because we want to compare the simulated 
AUC0–24h with the observed AUC0–24h. Due to the rich sampling 
for each individual from the original study, it makes the NCA 
AUC0–24h not significantly different compared with AUC0–24h 
derived from the model. The other limitation of this study is 
that we used more weight-bands for dose higher than 10 mg/
kg (6 weight-bands) compared to WHO guideline, which only 
has 4 weight-bands. However, this should not have an impact 
on the conclusions of this work. This study also only explored 
the rifampicin exposure in adult population and may not be ap-
plicable to children. In the original PK study, the trial only in-
cluded limited number of patients at the extremes body weight 
as shown in Figure  2. For that particular patient groups, it is 
unclear if a flat dose dosing would result in similar exposure as 
after body weight adjusted dosing. Therefore, our result should 
not be extrapolated to patients with extreme body weight.

In conclusion, this work shows that weight-band dosing does 
not possess an advantage over flat-dosing for rifampicin as it does 
not reduce between-patient variability for the high-dose rifampicin 
which will be the future dosing of rifampicin. The impact of the re-
sult of this study in clinical practice is the possibility of rifampicin 
to be given as flat-dosing, that is, all patients will get the same dose 
in the beginning of therapy which will simplify the treatment.
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