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Aims: To analyse the population pharmacokinetics (PK) of peficitinib in patients with

rheumatoid arthritis (RA) and assess the potential PK covariates to identify the

requirement for dose adjustment in RA patients.

Methods: The analysis incorporated 2464 observations from 98 healthy volunteers

and 4919 observations from 989 RA patients. A population PK model for peficitinib

in RA patients was constructed by a nonlinear mixed effect model using NONMEM

with prior information from a healthy volunteer model.

Results: A 2-compartment model with sequential zero- and first-order absorption

and lag time was constructed for RA patients. Covariate exploration in the RA

patient model revealed that estimated glomerular filtration rate (eGFR) and lym-

phocyte count had a significant effect on apparent total systemic clearance (CL),

which was 91.7 L/h (2.3% relative standard error). Compared with the mean popu-

lation CL, the model predicted mean changes in CL of 12.3 and −10.7% in patients

with observed minimum and maximum lymphocyte count of 500 and 4600 106/L,

respectively, and mean changes in CL of −17.8 and 16.7% in patients with

minimum and maximum eGFR of 36.4 and 188 mL/min/1.73m2, respectively. The

simulated population mean area under plasma concentration–time curve for

24 hours after dosing showed a 1.35-fold increase in patients with severe renal

impairment (eGFR 22.5 mL/min/1.73m2) compared with patients with reference

eGFR (91.5 mL/min/1.73m2).

Conclusion: The population PK model identified eGFR and lymphocyte count as

covariates for CL. The magnitude of changes was not considered clinically relevant,

indicating no requirement for dose adjustment.
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1 | INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, systemic, inflammatory

autoimmune disease that targets the synovial tissues.1 The goal of RA

treatment is to control disease activity and achieve remission by

reducing joint destruction, preventing loss of function, and relieving

pain; thereby improving quality of life.2 Although a great number of

biologic and nonbiologic disease-modifying antirheumatic drugs

(DMARDs) have been approved, unmet therapeutic needs in RA

remain: 30–40% of patients do not respond to biologics and complete

remission is achieved in only 20–25% of patients.3 Therefore, there is

a need to develop new treatments for RA patients who have an inade-

quate response to existing drugs.

Peficitinib is an oral inhibitor of the Janus kinase (JAK) family of

nonreceptor tyrosine kinases (JAK1, JAK2, JAK3 and tyrosine kinase

2), which is a promising therapeutic target for the treatment of auto-

immune disorders such as RA.4–6 The efficacy and safety of peficitinib,

as monotherapy or in combination, for treatment of patients with RA

has been previously demonstrated in phase 2 and phase 3 randomized,

double-blind, placebo-controlled studies.7–11 Peficitinib has been

approved in Japan, Korea and Taiwan as an RA treatment (including

prevention of structural joint damage) in patients who have an inade-

quate response to conventional DMARD therapy.

The pharmacokinetic (PK) characteristics of peficitinib in healthy

volunteers were investigated in previous clinical pharmacology

studies. These studies showed that peficitinib was absorbed rapidly,

as demonstrated by time to maximum observed concentration (Tmax)

of 1.0–1.8 hours, and that food intake increased the area under the

plasma concentration–time curve (AUCinf) by 27–36%.12,13 The mean

terminal half-life (t1/2) of peficitinib ranged from 2.8 to 12.9 hours,12

and dose-proportional exposure was demonstrated within the dose

ranges studied across single doses (3–300 mg).12,14 In addition, uri-

nary excretion of peficitinib accounted for 9–15% of the oral dose,

and 3 conjugated metabolites were found in plasma and urine

(H2: sulfated; H4: methylated; H1: sulfated and methylated).12,15

As part of phase 2 and phase 3 studies, data regarding the plasma

concentrations of peficitinib in patients with RA were also collected. In

this study, a population PK model was constructed to analyse the

pooled PK data for peficitinib and to identify significant covariates, with

the aim of optimizing the dosing regimen for RA patients based on the

magnitude of exposure change under any condition.

2 | METHODS

2.1 | Study design

Table 1 summarizes the designs, including blood sampling times for

measurement of plasma peficitinib concentration, of the 5 clinical

pharmacology studies13,16–18 (PK10, PK11, PK12, PK20 and PK27)

used for constructing the prior population PK model of peficitinib in

healthy volunteers (prior healthy volunteer model) and the 1 phase

2 study7 (RAJ1) and 2 phase 3 studies10,11 (RAJ3 and RAJ4) used for

constructing the population PK model of peficitinib for RA patients

(RA patient model). All clinical studies were conducted in accordance

with ethical principles of the Declaration of Helsinki, Good Clinical

Practice, and the International Conference on Harmonization guide-

lines, and were approved by the relevant institutional review boards.

All subjects provided written informed consent.

2.2 | Sample measurement

Plasma peficitinib concentrations were measured using validated

liquid chromatography–tandem mass spectrometry at LSI Medience

Corporation (Itabashi-ku, Tokyo). The lower limit of quantification

(LLOQ) was 0.25 ng/mL when 25 μL of plasma was used. The intraday

accuracies were within ±15% of the nominal concentration, and the

intraday precision did not exceed 15%.

2.3 | Data handling

Missing data or concentrations below the quantification limit were

neither imputed nor used for model development. Furthermore, con-

centrations from renal or hepatic impairment patients were excluded

from the healthy volunteer dataset in order to construct a prior model

for healthy volunteers with normal renal and hepatic functions. In

addition, values taken >48 hours after the last dose of peficitinib in

RAJ1, RAJ3 and RAJ4, or <19 hours after the last dose in RAJ1 were

excluded because these samples were taken during a time frame for

What is already known about this subject

• The pharmacokinetic (PK) characteristics of peficitinib in

healthy volunteers have been reported.

• Although plasma concentrations were collected in phase

2 and phase 3 studies, a detailed investigation of the PK

characteristics of peficitinib in patients with rheumatoid

arthritis has not been performed, and significant

covariates have not been explored.

What this study adds

• We constructed a 2-compartment population PK model

for peficitinib in patients with rheumatoid arthritis, with

sequential zero- and first-order absorption and lag time,

to provide individual post-hoc exposures for further

exposure-response analyses.

• Estimated glomerular filtration rate and lymphocyte

count were selected as covariates for apparent total sys-

temic clearance, but were not clinically relevant.

TOYOSHIMA ET AL. 2015
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which sampling was not scheduled in the protocols and was provided

by only a limited number of patients (detailed sampling points are

shown in Table 1). In the RA patient dataset, outliers were defined as

values greater than the mean + (3 × standard deviation) of log-

transformed trough concentrations for each treatment arm of the

study. For covariate exploration, baseline measurements of candidate

covariates were used; missing baseline values were imputed as the

value observed at the closest visit during the treatment period, and

value of the LLOQ was imputed if it was below the LLOQ.

2.4 | Population PK model

A population PK model for peficitinib was constructed by a nonlinear

mixed-effect model using NONMEM version 7.3 software (ICON,

Ellicott City, MD, USA) and Perl-speaks-NONMEM version 4.4.8.

Visualization and model diagnostics were performed using R version

3.2.3 and its package Xpose 4 version 4.5.3.19 Data were analysed

using first-order conditional estimation with the interaction option. A

2-compartment model, parameterized in terms of apparent total sys-

temic clearance (CL), apparent intercompartmental clearance (Q), and

apparent volume of distribution of the central or peripheral compart-

ment (Vc and Vp, respectively) was proposed to describe the PK of

peficitinib in healthy volunteers. The following 5 absorption models

were investigated: zero-order absorption (duration, D) with lag-time

(ALAG); D without ALAG; first-order absorption (Ka) with ALAG; Ka

without ALAG; and sequential zero- and first-order absorption with

ALAG. The statistical model included the random and residual vari-

ance models. Interindividual variability (IIV) of structural parameters

was modelled using an exponential model (Equation 1):

Pi = θexp ηið Þ ð1Þ

where θ, Pi and ηi are the population mean of the parameter, parameter

P for the i-th subject, and the deviation for the i-th subject's parameter

value from the population mean, respectively. ηi is assumed to distrib-

ute normally with mean 0 and variance of ω2. Residual variability was

described by a proportional variance model (Equation 2):

Yij = Ŷij 1 + εð Þ ð2Þ

where Yij is the j-th observation in the i-th subject and Ŷ ij is the

corresponding model prediction. ε is the residual, which is normally dis-

tributed with mean 0 and variance of σ2. This healthy volunteer model

was then used as a prior model for the analyses of the RA patients. Using

a NONMEM with PRIOR NWPRI option, parameter estimates were

obtained using a penalty term on the likelihood function, due to the lim-

ited data available for the peficitinib absorption phase in RA patients.20

Covariate exploration was undertaken using stepwise forward addi-

tion (significance level .01) followed by backward elimination (significance

level .001). The relationship between continuous covariates and pharma-

cokinetic parameters was modelled using a power function centralized by

the arithmetic mean of the covariates (mean [cov], Equation 3):

Pi = θ1 × covi=mean cov½ �ð Þθ2 ð3Þ

where θ1 is the population mean parameter of Pi for subjects with the

mean value of the covariate, θ2 is the exponent of the power function,

and covi is the covariate in the i-th subject. For a categorical covariate,

a fractional difference was modelled using a multiplicative function

(Equation 4):

Pi = θ1 × θ3cov ð4Þ

where θ1 is the population mean parameter of Pi for subjects, θ3 is the

coefficient, and cov is the class of covariate (yes: cov = 1, no: cov = 0). In

the prior healthy volunteer model, the effect on CL of the following

covariates was investigated: age, weight, estimated glomerular filtration

rate (eGFR, calculated with the modification of diet in renal disease

(MDRD) method21), albumin (ALB), alanine transaminase (ALT), aspartate

transaminase (AST), serum albumin, alkaline phosphatase (ALP) and total

bilirubin (TBIL); the effect of weight on Vp was also investigated. In the

RA patient model, the effect on CL of the following covariates were

investigated: age, weight, eGFR, ALB, ALT, AST, ALP, TBIL, absolute neu-

trophil count (ANC), serum creatinine, C-reactive protein, haematocrit,

haemoglobin, lymphocyte count, platelets, red blood cells, urate, sex and

region (Japan, Korea or Taiwan); the effect of weight, ANC, C-reactive

protein, lymphocyte count and weight on Vc was also investigated.

2.5 | Model evaluation

Both the prior healthy volunteer and RA patient models were evaluated

using goodness-of-fit (GOF) plots. The predictive performance of the prior

healthy volunteer and RA patient models was evaluated by a visual pre-

dictive check (VPC) and prediction-corrected VPC, respectively.22 In the

VPC and prediction-corrected VPC, the reproducibility of the final model

was assessed by 1000 generated datasets. Robustness was assessed by a

1000 times of nonparametric bootstrap method.

2.6 | Simulation

The effect of eGFR, 1 of the selected covariates, on the AUC was

assessed using the final RA patient model. The AUC from 0 to

24 hours after dosing (AUC24h) at steady state with a 150-mg daily

dose was calculated by dividing the dose by the model-derived indi-

vidual posthoc CL. Based on simulation of 1000 pairs of CL and eGFR,

the mean population CL was calculated at eGFR values of 22.5,

45, 75 and 91.5 mL/min/1.73m2, which correspond to the medians of

the severe, moderate and mild renal function categories and mean

observed eGFR obtained in RA patients, respectively.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

to corresponding entries in http://www.guidetopharmacology.org,

TOYOSHIMA ET AL. 2017



the common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY.

3 | RESULTS

3.1 | Datasets and demographic summary

The dataset for the prior healthy volunteer model comprised 2464

observations from 98 subjects, and the dataset for the RA patient

model comprised 4919 observations from 989 subjects. The demo-

graphics and baseline characteristics of each dataset are presented in

Table 2 and Table S1.

3.2 | Prior healthy volunteer model

The 2-compartment model with sequential zero- and first-order

absorption with lag-time and assuming IIV on CL, Vp, Q, Ka, ALAG, D

and relative bioavailability (F) was selected as a base structural model

with the lowest objective function value. The covariate exploration

indicated that no candidate covariate met the pre-set inclusion

criteria for further investigation (P < .01) in the forward addition step;

therefore, no covariates were included in the prior healthy volunteer

model. The parameter estimates of the prior healthy volunteer model

are shown in Table S2. The GOF plots and the VPC plots suggested

an adequate predictive performance (Figures S1 and S2). Further-

more, the summary statistics of the 1000 sets of bootstrap estimates

were consistent with the parameter estimates of the prior

healthy volunteer model (Table S1), indicating the robustness of

the estimates.

3.3 | RA patient model

The prior healthy volunteer model was used as prior information to

explore fixed effects of structural PK parameters in the RA patient

model. However, distribution information from the prior healthy vol-

unteer model was not used for IIV in the RA patient model because

the extent of IIV could potentially be different between healthy vol-

unteers and RA patients. After assessing the IIV on all parameters

except for absorption, due to limited observations in the absorption

TABLE 2 Patient demographics and baseline characteristics

Healthy volunteers (n = 98) RA patients (n = 1011)

Female, n (%) 4 (4.1) 750 (74.2)

Region, n (%)

Japan 98 (100) 957 (94.7)

Korea - 30 (3.0)

Taiwan - 24 (2.3)

Age, y

Mean (SD) 34.7 (12.0) 55.3 (11.8)

Range (min–max) 20–69 20–86

Body weight, kg

Mean (SD) 64.1 (7.4) 58.1 (12.4)

Range (min–max) 48.8–77.9 29.9–117.4

eGFR, mL/min/1.73m2

Mean (SD) 93.85 (13.95) 91.49 (22.27)

Range (min–max) 60.7–130.8 36.4–188.4

Lymphocyte count, 106/L

Mean (SD) - 1550 (540)

Range (min–max) - 500–4600

ANC, 106/L 5530 (2070)

Mean (SD) - 1000–15 200

Range (min–max) -

CRP, mg/L

Mean (SD) - 24.45 (23.00)

Range (min–max) - 0.1–169.6

ANC, absolute neutrophil count; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate calculated with the modification of diet in renal

disease method; RA, rheumatoid arthritis; SD, standard deviation

2018 TOYOSHIMA ET AL.



phase, a 2-compartment model with sequential zero- and first-order

absorption and lag-time, with IIV on CL and Vc, was selected as the

base RA patient model. The covariate exploration in the RA patient

model revealed that eGFR and lymphocyte count had a significant

effect on CL.

Based on the covariates included in the final model, the predicted

population mean CL (CLpop,j) was expressed as follows (Equation 5):

CLpop,j = 91:7×
eGFRj

91:5

� �0:213

×
lymphocyte countj

1550

� �−0:104

ð5Þ

where eGFRj and lymphocyte countj represent the eGFR and lympho-

cyte count, respectively, of the jth subject. The equation for predicted

individual CL above indicates that CL tends to decrease in renal

impairment patients and in patients with high lymphocyte counts. The

model predicted mean changes in CL of −17.8% and 16.7% from the

population mean CL in patients with an observed minimum and maxi-

mum eGFR of 36.4 and 188 mL/min/1.73m2, respectively. The model

also predicted mean changes in CL of 12.3 and −10.7% from the pop-

ulation mean CL in patients with observed minimum and maximum

lymphocyte counts of 500 and 4600 106/L, respectively. The effect of

eGFR and lymphocyte counts on CL was comparable in magnitude to

the remaining IIV for CL caused by other unknown factors (25.7%).

The parameter estimates of the RA patient model are shown in

Table 3. The GOF and VPC plots suggested an adequate predictive

performance (Figures 1 and 2). The summary statistics of the boot-

strap estimates were consistent with the parameter estimates of the

RA patient model (Table 3), indicating the robustness of the parameter

estimates.

3.4 | Simulation for the effect of eGFR on
exposure of peficitinib

The simulated population mean AUC24h and 95% CI (2.5th to 97.5th

percentiles) for the effect of eGFR are summarized in Table 4 and

Figure S3. The simulation suggested a 1.04-, 1.16-, and 1.35-fold

increase in AUC24h in patients with mild (eGFR 75 mL/min/1.73m2),

moderate (45 mL/min/1.73m2) and severe (22.5 mL/min/1.73m2)

renal impairment, respectively, compared with patients with reference

eGFR (91.5 mL/min/1.73m2, the mean observed eGFR obtained in RA

patients; Table 4). The trend of increasing AUC24h with decreasing

eGFR is illustrated in Figure S3.

4 | DISCUSSION

Phase 3 studies have previously demonstrated the safety and efficacy

of peficitinib, a pan-JAK inhibitor, in patients with RA and with an

inadequate response to prior DMARD or prior methotrexate treat-

ment.10,11 This report is the first to analyse the population PK charac-

teristics of peficitinib. Our analysis incorporated 2464 observations

from 98 healthy volunteers across 5 phase 1 studies, plus 4919 obser-

vations from 989 patients with RA across 1 phase 2 and 2 phase

3 studies. A 2-compartment model with sequential zero- and first-

order absorption and lag-time was used for both healthy volunteers

and patients with RA. As absorption phase data was limited for

patients with RA, we used prior information from the prior healthy

volunteer model to construct the RA patient model. Although food

intake has previously been shown to increase AUCinf by 27% and

TABLE 3 Peficitinib population pharmacokinetic parameter estimates in the RA patient model

Summary of bootstrap runs b

Parameter Estimate RSE (%) Variability a (%) Shrinkage (%) Median 95% CI

Structural PK (θ) CL (L/h) 91.7 2.3 – – 91.6 86.8–95.4

Vc (L) 280 2.3 – – 279 265–291

Vp (L) 122 8.5 – – 122 102–143

Q (L/h) 10.2 4.9 – – 10.2 9.11–11.2

Ka (L/h) 5.83 7.6 – – 5.82 4.68–6.60

ALAG (h) 0.132 2 – – 0.132 0.127–0.137

D (h) 1.37 4.3 – – 1.36 1.24–1.47

Covariate eGFR on CL 0.213 19.4 – – 0.213 0.135–0.292

LYM on CL −0.104 26.9 – – −0.104 −0.161 to −0.0476

Random effect for IIV (ω2) CL 0.0639 15.3 25.7 12.9 0.0637 0.0474–0.0820

Vc 0.143 35.7 39.2 48.8 0.144 0.0534–0.230

Residual error Proportional 0.496 1.6 49.6 c 7.7 0.496 0.480–0.511

aInter-individual variability (%) was calculated as follows: √(exp(ω2)-1) × 100
b1000 successful runs for 1000 bootstrap datasets
cVariability described as percentage of the estimates multiplied by 100.

ALAG, absorption lag time; CL, apparent total systemic clearance; D, duration; eGFR, estimated glomerular filtration rate; IIV, interindividual variability; Ka,

first-order absorption rate constant; LYM, lymphocyte count; Q, apparent intercompartmental clearance; RA, rheumatoid arthritis; RSE; relative standard

error, Vc, apparent distribution volume of the central compartment; Vp, apparent distribution volume of the peripheral compartment
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36%,12,13 food intake (fasted, high-fat fed, or normal fed) in the phase

1 studies was not included in the models because apparent differ-

ences among food conditions were relatively smaller than IIV. In phase

2 and 3 studies, all patients with RA took the study drug in the

morning in a fed condition. The relatively large shrinkage of Vc in the

RA patient model was probably due to a lack of information regarding

the first distribution phase as most PK samples were taken around

24 hours after administration at the trough. Thus, IIV for Vc may be

less reliable. Both the healthy volunteer and the RA patient models

provided higher predictions in some subjects/patients mainly for con-

centrations around the absorption phase (0.25 to 2.5 hours after

administration), suggesting that predictions around the absorption

phase could be improved. However, the effect of misspecification in

absorption phase modelling is limited in the view of obtaining individ-

ual posthoc exposure (AUC) for 1 of the major purposes of this analy-

sis. As the RA patient model was constructed using PK data from an

Asian population, the clinical relevance in other populations is

currently unclear and caution should be used when applying this

model to non-Asian patients. The greater peficitinib exposure was

observed in healthy Japanese compared with Caucasian with

unknown reason.14

The estimated CL was 83.4 and 91.7 L/h in the prior healthy vol-

unteer and RA patient models, respectively. Following the selection of

eGFR as a covariate for CL, the simulated mean AUC was increased

by 4, 16 and 35% in patients with mild, moderate and severe renal

impairment, respectively, compared with the reference eGFR. How-

ever, the simulated results for patients with severe renal impairment

have been extrapolated by the model without any actual observations,

as patients with eGFR ≤40 mL/min/1.73m2 (as measured by the

MDRD method) were excluded from the study based on the criteria

applied in phase 2 and phase 3 clinical trials. The reliability of the sim-

ulated results in patients with severe renal impairment therefore

needs to be handled cautiously. However, considering that urinary

excretion of peficitinib is low (9–17%) in healthy volunteers12,15 and

tolerability was shown in healthy subjects following administration of

a single dose up to 450 mg (mean AUCinf: 4660 ng�h/mL), the

F IGURE 1 Goodness-of-fit plots for the
rheumatoid arthritis patient model. jiWRESj,
absolute values of individual weighted residuals;
CWRES, conditional weighted residuals; red lines,
LOWESS smoothing curves; blue circles,
observations

F IGURE 2 Prediction-corrected visual predictive check of the
rheumatoid arthritis patient model. Black circles, observations in
healthy volunteers; red solid curve and red dashed curves, the
median, 2.5th percentile and 97.5th percentile of observations; pink
and grey areas, 95% confidence intervals of the median, 2.5th

percentile and 97.5th percentile of simulated data; black dashed line,
lower limit of quantitation (0.2500 ng/mL)
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magnitude of the increase was not considered clinically relevant and

dose adjustment of peficitinib for patients with renal impairment

seems not to be required. This interpretation is consistent with a pre-

vious study of patients with renal impairment, which showed that

peficitinib exposure was comparable in subjects with and without

renal impairment after a single, oral 150 mg dose.17 Similarly, in a pop-

ulation PK model of upadacitinib, creatinine clearance was identified

as a significant covariate for CL, but its effect was not considered clin-

ically meaningful.23

Lymphocyte count was also selected as a covariate for CL in our

study. It has been reported that population PK models of

thymoglobulin, efalizumab and fluconazole also included lymphocyte

count as a covariate24–26; however, thymoglobulin and efalizumab are

both antibodies that block T-cell dependent functions, while the study

of fluconazole focused on patients with HIV infection and lymphocyte

count was therefore included in the population PK model as a marker

of disease severity. Considering the mechanism of action and thera-

peutic target for peficitinib, the underlying reason for the effect of

lymphocyte count on peficitinib CL is unknown. However, the effect

is not clinically relevant because the model predicted changes in CL,

with the minimum and maximum lymphocyte counts observed in the

phase 2 and 3 studies being comparable with the magnitude of the IIV

of CL.

Hepatic parameters were not recognized as a statistically signifi-

cant covariate. A previous study showed that the mean exposure of

peficitinib increases in subjects with moderate hepatic impairment;

however, no clear relationship between individual measures of hepatic

function (albumin and prothrombin time) and individual PK parameters

of peficitinib was confirmed.16 The results of the former clinical study

thus seem consistent with the lack of statistically significant hepatic

parameters from the covariate exploration.

The convergence success rate of 1000 bootstrap runs was 63.8%

in the prior healthy volunteer model. All the convergence failure was

due to rounding errors and successful convergence could be achieved

by giving appropriate initial values of parameters. Furthermore, com-

parable medians of the bootstrap estimates were obtained regardless

of whether the failure runs were included (data not shown). The low

success rate does not suggest low robustness of the prior healthy

volunteer model. The robustness was assessed in the RA patient

model (bootstrap convergence success rate was 100%). The predictive

performance was also assessed by a VPC. Therefore, the obtained

posthoc PK parameters from the final RA patient model are thought to

be appropriate to be used as representative individual exposure

parameters for future exposure–response analyses.

In conclusion, a population PK model for peficitinib in patients

with RA has been constructed using a 2-compartment distribution

with lag-time and sequential zero- and first-order absorption.

Although eGFR and lymphocyte count were identified as significant

covariates for CL in the RA patient model, neither were clinically rele-

vant and no requirement for dose adjustment is suggested.
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