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Introduction
In Japan, 15 000 or more people newly developed tuberculosis (TB) 
including elderly people suffering from its prevalence in the past 
and reactivation, and 2000 or more died in a year [1]. The incidence 
rate of TB in 2018 is 12.3 for the 100 000 population in Japan, down 
0.6 points from the previous year [2]. The rate is low compared to 
that in neighboring Asian countries, but still higher than that in de-

veloped countries (UK: 7.1, France: 7.4, Canada: 4.8, USA: 2.6) [3]. 
Thus, Japan is now categorized to a medium prevalence country 
for TB in spite of its high hygienic status.

The basic goal of current TB medicine is to eradicate tuberculo-
sis organisms living in TB patients. For this purpose, the following 
standard tuberculosis chemotherapy (STC) has been proposed and 
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Abstr act

In Japan, tuberculosis has been recognized as one of the major 
infections requiring urgent measures because of its high mor-
bidity rate even now especially in elderly people suffering from 
tuberculosis during the past epidemic and its reactivation. 
Hence, many Japanese clinicians have made efforts to suppress 
the onset of tuberculosis and treat it effectively. The objectives 
of this study are to (1) identify covariate(s) that may explain 
the variation of rifampicin, which is the key antitubercular 
agent, under the steady-state by evaluating its population 
pharmacokinetics and (2) to propose an appropriate dosing 
method of rifampicin to Japanese patients. For this purpose, 
serum concentration–time data were obtained from 138 pa-
tients receiving rifampicin (300–450 mg) and isoniazid (300–
400 mg) every day over 14 days, and analyzed using nonlinear 
mixed effects model. Thereby, population pharmacokinetic 
parameters were estimated followed by elucidating relations 
between the parameters and statistical factors. The analysis 
adopted one-compartment model including Lag-time by as-
suming that the absorption process is 0 + 1st order. The analy-
ses demonstrate that meal affected the bioavailability, pri-
mary absorption rate constant, and zero order absorption time 
in the constructed model. A body weight calculated from the 
power model was selected as the covariate by the Stepwise 
Covariate Model method and found to highly affect the clear-
ance in the range from  − 31.6 % to 47.4 %. We conclude that 
the dose in Japanese tuberculous patients can be well estimat-
ed by the power model formula and should be taken into con-
sideration when rifampicin is administered.
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carried out in Japan [4]. In STC, first, the first-line drugs (designat-
ed as a) consisting of rifampicin (RFP) + isoniazid (INH) + pyrazina-
mide (PZA) are used in combination with the first-line drug (desig-
nated as b) consisting of either ethanbutol (EB) or streptomycin 
(SM). At 2 months later from the initiation of the treatment, pa-
tients are further treated with RFP + INH for 4 months. This 6-month 
therapy is the strongest and shortest one that can achieve the ther-
apeutic goal of “eradication of bacteria”. Thereafter, treatment 
with RFP + INH + EB (or SM) for 3 months followed by RFP + INH for 
7 months is carried out to ensure the “eradication”. As described 
above, RFP has occupied the center position of STC; this is the rea-
son for us to focus on RFP in this study, although RFP is a potent in-
ducer of some types of cytochrome P450s (CYPs) and affects the 
metabolism of other combined drugs so called drug-drug interac-
tion [5]. Furthermore, constantly keeping serum concentration of 
RFP at its effective levels is clinically important in each patient but 
relatively difficult because of large inter-individual variation of its 
bioavailability (F1) due to the genetic polymorphism of the p-gly-
coprotein and organic anion transport polypeptide 1B1 (SLCO1B1 
rs4149032), the drug-drug interactions, etc [6–8].

To provide useful information for improvement of TB chemo-
therapy, the authors conducted a population-pharmacokinetics 
(PPK) analysis of RFP in Japanese TB patients followed by elucidat-
ing the factors which may influence the effective serum concentra-
tion of RFP.

Patients and Methods
This study was approved by the Ethical Review Board of National 
Hospital Organization of Tokyo National Hospital. The subjects were 
138 Japanese TB patients who admitted to the hospital from April 
2005 to March 2010 and were administered RFP (300–450 mg) be-
fore or after meal and INH (300–400 mg) after meal over 14 days 
or more. Blood was collected at the request of doctors to monitor 
the blood concentration of RFP. The serum concentration and the 
biochemical data were retrospectively collected from medical or 
electronic medical records. The patient physiological factors that 
may affect RFP pharmacokinetics were assumed to be age, body 
weight (WGT), gender, ALT (alanine transaminase), AST (aspartate 
transaminase), BUN (blood urea nitrogen), γGTP (gamma-glutamyl 
transpeptidase), serum creatinine, total bilirubin, and eGFR (esti-
mated glomerular filtration rate) and ▶Table 1 shows their back-
ground information. The eGFR was determined using the calcula-
tion method defined by the Japanese Society of Nephrology [9]. 
The equations to determine eGFR are as follows: eGFRcreat (mL/
min/1.73 m2) = 194  ×  Cr − 1.094  ×  age − 0.287 for males and eGFRcreat 

(mL/min/1.73 m2) = 194  ×  Cr − 1.094  ×  age − 0.287  ×  0.739 for females. 
The time of blood collection was set at one point each during an 
absorption phase (1–3 h after RFP administration), elimination 
phase (4 to 8 h after RFP administration), and at trough. The serum 
concentration was determined by the method of Kubo et al [10]. 
Briefly, in the quantitative analysis of RFP in serum, serum was de-
proteinized by adding 5 volumes of methanol followed by centrifu-
gation. The concentration of RFP in the sample thus obtained was 
determined with HPLC equipped with a C18 reverse phase column 
under the following conditions: mobile phase; 38 % acetonitrile so-
lution containing 0.01 M sodium acetate (pH 7.0), flow rate of mo-
bile phase; 1.5 mL/min, and detection; UV 340 nm. The calibration 
curve was linear up 20 μg/mL of RFP. At the concentration of 8.0 μg/
mL, intraday and interday variations were small and 1.0 % ( < I > n < / 
I >  = 10) and 1.5 % ( < I > n < / I >  = 10), respectively.

For PPK analysis of RFP, NONMEM (Nonlinear Mixed Effects 
Model) program Version VIITM was used. The NONMEM algorithm 
used was first order conditional estimation with interaction. The 
basic model was selected from the following three models: the 
pharmacokinetic model, the measurement error model, and the 
mixed effect model. The pharmacokinetic model of RFP was ana-
lyzed using a 1-compartment model with a lag-time of absorption 
(ALAG1) including the zero-order absorption (R1) followed by the 
first order absorption (Ka) as shown in ▶Fig. 1. The exponential 
error model shown below was used as the mixed effect model that 
displays inter-individual variation of pharmacokinetic parameters.

Pi P exp i= × η( )

▶Table 1	 Patient background data of physiological factors affecting RIF 
pharmacokinetics.

Number Median [min – max]

Gender (male/female) 110/28

Age (year) 58 [21–90]

WGT (kg) 51.5 [32.0–58.0]

ALT (U/L) 14.0 [6.0–285]

AST (U/L) 21.0 [11.0–126]

BUN (mg/dL) 11.7 [3.7–55.5]

Gamma GTP (U/L) 44 [10–335]

Serum Creatinine (mg/dL) 0.68 [0.25–3.72]

Total Bilirubin (mg/dL) 0.36 [0.18–3.96]

eGFR (mL/min/1.73m²) 90.4 [14.3–283]

ALT: Alanine aminotransferase, AST: Aspartate aminotransferase, 
BUN: Blood urea nitrogen, eGFR: Estimated glomerular filtration rate, 
GTP: Glutamyl transpeptidase, RIF: Rifampin, WGT: Body weight.

▶Fig. 1	 Structure model. R1: Rate of zero order input, D1: Duration (if fasted condition, D1=0), ALAGI: Lag time of absorption (start of drug input), 
F: Bioavailability (if fed condition, F=1), Ka: 1st order absorption constant, A1: Drug amount in absorption compartment, A2: Drug amount in central 
compartment, V: Distribution volume, CL: Systemic clearance.

200

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Nishimura T et al. Population Pharmacokinetics of RFP …  Drug Res 2020; 70: 199–205

Where, P is a mean value of pharmacokinetic parameters, Pi is a 
pharmacokinetic parameter value of subject i, and ηi is an inter-in-
dividual variation, which is a difference between the mean value 
(P) and a patient intrinsic value (Pi). The ηi is to follow a normal dis-
tribution with a mean value 0 and variance ω2. Correlation is to be 
permissible for the inter-individual variation of CLt/F and V/F. The 
exponential error model shown below was used for the intra-indi-
vidual variation model.

Cpij Cij exp= × ε( )

Where, Cij is the measured drug concentration in serum at time j 
of subject i, Cpij is the estimated drug concentration in serum at 
time j of subject i, and ε displays residual variation and is to follow 
normal distribution with mean value 0 and variance σ2.

The absorption rate constant and bioavailability, which are like-
ly parameters pharmacokinetically affected by diet, were exam-
ined. However, since these parameters are not clearly relevant from 
a pharmacokinetic point of view, they were not included as the can-
didate of covariates.

After constructing the base model, we constructed a model ac-
cording to the following steps.

For the construction of absorption model, in addition to the pri-
mary absorption, the zero-order absorption, the primary absorp-
tion with lag time, 0 + 1 order absorption, and 0 + 1 order absorp-
tion with lag time were examined. Among them, the model giving 
the lowest OFV was that with the 0 + 1 first-order absorption includ-
ing the lag time.

We examined the effect of diet on bioavailability, duration of 
zero-order absorption, lag time, and first-order absorption rate 
constant. The results showed that the diet had a significant effect 
on any of the parameters. We therefore select dietary effects to in-
corporate them into the duration and bioavailability of zero-order 
absorption by which the lowest OFV was obtained for all. The au-
thors therefore chose to incorporate dietary effects into the dura-
tion and bioavailability of zero-order absorption with the lowest 
OFV for all the parameters.

According to the procedure described above, a model to which 
the absorption and dietary effects were incorporated was created 
from the base model as the structural model. The effects of diet on 
the parameters, absorption rate constant and bioavailability, which 
are thought to affect the pharmacokinetics, were examined, but 
those parameters were not clearly related to the diet from a phar-
macokinetic view point and not included as a covariate candidate.

In exploratory search of covariates, Stepwise Covariate Model 
(SCM) method was adopted. In the Forwarding Step of the SCM 
method, a χ-square test was performed with p < 0.01, and statisti-
cally significant covariates were selected. In the Backwarding Step, 
significant covariates were selected with p < 0.001, and the final 
model was constructed by using the covariates remaining as the 
result as the factors that affect the pharmacokinetics of RFP. In the 
incorporation of covariates, continuous quantities were incorpo-

rated by linear (Eq. 1) and power (Eq. 2), and discrete quantities 
were incorporated based on Eq. 3.

θ = + θ ×i i1 cov cov median cov− ( )( )( )
� 1

θ =
θ

i

cov
median cov

i
cov

( )
⎛
⎝⎜

⎞
⎠⎟

� 2

If cov = θ =0 1( ) i

If cov = 1( ) θ = + θi cov1
� 3

The authors confirmed the validity of the results based on good-
ness of fit and visual predictive check (VPC). The VPC was simulat-
ed 1000 times and performed by comparing the 95 % prediction 
interval of the estimated serum concentration with the actual val-
ues at each time point. The validity of the obtained parameters was 
examined by the bootstrap method in which the analysis was con-
ducted by performing restoration extraction 1000 times from the 
data set using random numbers. The authors checked the validity 
of the determined parameters by comparing the 95 % confidence 
intervals of the analysis results obtained with the confidence inter-
vals calculated from the parameters and their standard errors in 
the final model.

Results
RFP (300–450 mg) was given before or after meals to 138 Japanese 
TB patients and the blood samples were obtained at 662 points to 
elucidate the effects of covariates on pharmacokinetics of RFP. 
▶Table 1 shows the background data of physiological factors which 
may affect RFP pharmacokinetics.

▶Table 2 represents the population pharmacokinetic parame-
ters calculated from the basic model.

Since the objective function value (OFV) became the lowest 
when WGT was incorporated into CL in a linear model in the For-
warding step, this covariate was adopted in the final model. In ad-
dition, since the incorporation of WGT into CL in the power model 
further reduced the OFV, WGT was selected as the covariate. There 
was no other model in which the OFV decreased with statistical sig-
nificance at p < 0.01. In the Backwarding step, WGT incorporated 
by the power model was adopted as the covariate, because OFV in-
creased by the incorporation of WGT into the CL in the linear model 
(p < 0.001). As a result, the final model was constructed by using 
equations of each pharmacokinetic parameter shown in ▶Fig. 2.

▶Figure 3 left shows the goodness of fit for the predicted val-
ues of population average (population predictions: PRED) calcu-
lated from the population pharmacokinetic parameters of the final 
model against the measured values of serum concentration of RFP 
(Cp, Observations) in the individual patients. ▶Figure 3 right rep-
resents the goodness of fit for the individual predicted values (in-
dividual predictions: IPRED) based on the individual patient param-
eters determined by Bayesian estimation against Observations. This 
result confirms that the final model well reflects the serum concen-
tration-time profile of RFP.
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We examined the predictability over time for the predicted values 
estimated from the model by VPC and Observations (▶Fig. 4). As a 
result, the medians and 95 % tile intervals (upper and lower limits) of 
the measured values almost overlap the medians and 95 % tile pre-
diction intervals of the serum concentration determined by the 
model; thus, the predictability of this final model is shown to be good.

The accuracy of parameter estimation was examined using the 
bootstrap method (▶Table 3). The median values of the popula-

tion pharmacokinetic parameters determined by the final model 
and those determined by the bootstrap method were almost the 
same. Moreover, the 95 % confidence intervals obtained from  
the population pharmacokinetic parameters of the final model and 
the standard errors of parameter estimation were approximately 
in the same range of those obtained from the bootstrap method. 
The results described above confirm that this model can calculate 
the parameters stably with sufficient estimation accuracy.

Discussion
This population pharmacokinetic analysis model provided good re-
sult in the goodness of fit. In the VPC, the median and the 95 % pre-

▶Fig. 3	 Goodness of fit.

▶Table 2	 Population parameter estimates.

Parameters Basic model Final model

Objective function value 916.308 871.120

CL/F (L/hr) 14.4 15.2 (3.7 %)

WGT on CL/F - 0.978 (20.4 %)

V/F (L) 5.57 2.09 (36.2 %)

Relative bioavailability 
without food

1.43 1.32 (6.8 %)

Relative bioavailability 
with food

1.00 1.00

Ka without food (1/hr) 0.260 0.248 (3.9 %)

Ka with food (1/hr) 0.317 0.300

Duration without food (hr) 1.84 1.58 (11.6 %)

Duration with food (hr) 0 0

Lag time (hr) 1.21 1.43 (3.0 %)

BSV on CL/F 0.0908 0.152 (14.9 %)

BSV on V/F 0.236 2.30 (38.6 %)

BSV on bioavailability 0.0935 0.00000398 (49.5 %)

BSV on Ka 0.0661 0.0624 (36.9 %)

BSV on duration with food 0.0784 0.612 (38.6 %)

BSV on lag time 0.702 0.0168 (41.0 %)

Proportional component 
of residual error

0.0486 0.0495 (18.0 %)

BSV: Between subject variability, CL: Systemic clearance of rifampin, 
F: Relative bioavailability to that in fasted conditions (F = 1 in fed 
conditions), Ka: 1st order absorption constant, V: Volume of distribu-
tion, WGT: body weight, () : RSE % of parameter estimate.

▶Fig. 2	 Equation of each pharmacokinetic parameter in the final 
model. CL: Systemic clearance of rifampin, V: Distribution volume, F: 
Bioavailability of absorption (if fed condition, F=1), Ka: 1st order 
absorption constant, D1: Duration (if fasted condition, D1=0), ALAGI: 
Lag time of absorption (start of drug input), i: individual
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diction interval well reflected the measured values. The parameters 
and their confidence intervals obtained from the final model were 
almost the same as those obtained by bootstrap. Based on these 
observations, we have concluded that the models and PPK param-
eters having sufficient precision provided the present good analy-
sis results; proving the validity of the analysis.

The model containing the absorption process of RFP with zero-
order followed by the first-order absorption was used in the base 
model. The solubility of RFP is reported to be high under the acid-
ic conditions in the stomach, but low from the small intestine due 
to its high pH, while the absorbability from the small intestine is 
high [11]. Thus, the low solubility of RFP in the small intestine may 
cause to limit its absorption from this tissue site. In the models used 
in this study, better fitting was obtained by the model in which the 
dissolution rate was limited by the zero-order process, followed by 
the first-order process for the absorption of RFP into the body. 
Therefore, we have thought that this model well represents the 
physicochemical and biological properties of RFP.

A model in which the bioavailability and the absorption rate con-
stant in the digestive tract fluctuate due to the influence of meals 
was used in this study; this also indicating that the variations of the 
pH and the content of water serving as the solvent in the digestive 
tract may affect the absorption of RFP. Therefore, the model prob-
ably reflected the physicochemical properties of RFP.

The WGT was selected as the covariate affecting CL by the SCM 
method. The effect of WGT on CL is relatively large ranging 
from  − 31.6 % to 47.4 %, which was able to be calculated from the 
power model of ▶Fig. 2. This suggests that the exposure can vary 
with the WGT; indicating that exposure will increase in patients 
with light WGT. Since RFP is, however, a drug with a relatively wide 
safety margin, it is not considered necessary to adjust the exposure 
by a dose adjustment. Similarly, although the exposure was pre-
dicted to increase up to approximately 32 % in the F1 under the con-
ditions before meal, the administration of RFP for which the effect 
of diet is taken into consideration is also unlikely to be necessary 

▶Fig. 4	 Result of visual predictive check (VPC).

▶Table 3	 Model validation: Bootstrap method.

CL (L/hr) V (L) Ka (1/hr) Duration 
(hr)

Lag time 
(hr)

FOOD on F FOOD on Ka CL/F on 
WGT

Final Parameter Estimate

  means 15.2 2.09 0.248 1.58 1.43 1.32 1.21 0.978

  2.50 % 14.1 0.605 0.229 1.22 1.35 1.15 1.05 0.585

  97.50 % 16.3 3.57 0.267 1.94 1.52 1.50 1.37 1.37

Bootstrap results

  medians 15.2 1.95 0.248 1.58 1.45 1.33 1.22 0.985

  2.50 % 14.0 0.700 0.226 1.24 1.34 1.17 1.07 0.575

  97.50 % 16.3 3.55 0.270 1.93 1.56 1.49 1.38 1.40

BSV CL/F BSV V/F BSV Ka BSV 
Duration

BSV Lag 
time

BSV F1 residual 
variability (exp)

Final Parameter Estimate

  means 0.152 2.30 0.0624 0.612 0.0168 3.98E-06 0.0495

  2.50 % 0.108 0.565 0.0173 0.427 0.00330 1.28E-07 0.0320

  97.50 % 0.196 4.04 0.107 0.797 0.0303 7.84E-06 0.0670

Bootstrap results

  medians 0.149 2.50 0.0629 0.609 0.0159 3.99E-06 0.0485

  2.50 % 0.105 1.04 0.0208 0.419 0.00648 3.09E-08 0.0328

  97.50 % 0.193 5.42 0.115 0.868 0.0281 1.75E-03 0.0663

Number of re-sampling for bootstrap: 1000. BSV: between subject variability, CL/F on WGT: covariate coefficient of body weight to CL/F, F: bioavail-
ability, Ka: 1st order absorption constant, V: Distribution volume.
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based on the same reason described above. This is the first study 
demonstrating that WGT is a significant covariate in the blood con-
centration of RFP in Japanese patients, although several studies at-
tempted to elucidate covariates affecting the pharmacokinetics of 
RFP as described below. Wilkins et al. developed a nonlinear mixed-
effects model to describe variable absorption of RFP by using 261 
African TB patients aged 18–72 years and weighing 28.5–85.5 kg 
[12]. The model well fitted the observed RFP blood concentration 
but no variable was determined. In another study performed by 
Peloquin et al., the population pharmacokinetic data from 23 Cau-
casian and 1 Hispanic TB patients were analyzed by a nonparamet-
ric population method and calculated the covariate by JMPTM soft-
ware (SAS Institute, North Carolina, U.S.A), but there was no de-
scription about the results [13].

Based on the results and discussion described above, this study 
was able to construct a PPK model required for predicting the phar-
macokinetics of RFP in Japanese TB patients. This model is thought 
to reflect the behavior of RFP in the digestive tract, and by the 
model one can detect the differences in pharmacokinetics caused 
by the dietary conditions. Although the relation between the WGT 
and the exposure is clearly elucidated in the present model because 
the exposure is a reciprocal of CL, the pharmacokinetics of RFP in 
children should be examined in a separate trial. In the future, it will 
be possible to further elucidate the variation factor(s) of pharma-
cokinetic parameters by further accumulation of related data.

Although guidelines and package inserts of RFP recommend its 
administration under fasting conditions before breakfast, actually 
the drug has been pre- and post-prandially given to TB patients in 
clinical practice in Japan. In this study 31 and 107 patients received 
RFP before and after meal respectively based on the thought of the 
concerned physicians; this situation in Japan being largely different 
from Western countries including EU and USA. The basic goal of 
current TB medicine is to eradicate TB bacteria living in the pa-
tients. The chemotherapy failure is mostly attributable to the in-
terruption of treatment and the incomplete treatment including 
administration of insufficient amount of RFP in Japan. Our study 
shows that when the median WGT is 51.5 kg, CL is 15.2 L/hr. When 
the WGT is 95 % CI lower limit (35.1 kg), CL is 10.4 L/hr, and when 
the WGT is 95 % CI upper limit (76.5 kg), CL is 22.4 L/hr. Thus, ad-
herence of the RFP dosage per BWG is significantly important. For 
this reason, it is desirable to provide a guidance or indication stat-
ing that TB patients should strictly comply with regular medication 
and that healthcare professionals must treat the patients appro-
priately with sufficient effective dosage of RFP based on the scien-
tific evidence.

We have thought that the result of this study reflects the actual 
clinical circumstances in Japan and is significant in this context.

In Japan, the high morbidity rate of TB remains in comparison 
with that in developed countries, and is also an issue which we can-
not ignore from the viewpoint of the opportunistic infection of HIV. 
Under these circumstances, the kinetic model of RFP we examined 
here has been thought to contribute to the improvement of the 
treatment of TB significantly.

Since the patients involved in this analysis were those whose 
pharmacokinetics was examined during repeated dosing, and the 
drug metabolism of RFP may be different between the single and 

the repeated administration, the results of this study will be limit-
ed to the estimation of repeated dose.

Conclusion
The present analyses demonstrate that the F1, Ka, and zero order 
absorption time were affected by meal and a WGT selected as the 
covariate by the SCM highly affected the CL in the range 
from  − 31.6 % to 47.4 %. The WGT which was able to be calculated 
from the power model was selected as covariate affecting CL by the 
Stepwise Covariate Model method. We concluded that the dose of 
Japanese patients with tuberculosis can be well estimated by the 
power model formula.
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