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Abstract

A population pharmacokinetic (PK) analysis was conducted to characterize sources of interpatient variability on the PK of TAK-931, a cell division
cycle 7 kinase inhibitor, in adult patients with advanced solid tumors using data from 198 patients who received oral TAK-931 over the range of 30
to 150 mg once daily in multiple dosing schedules in 2 phase 1 and 1 phase 2 clinical studies. A 2-compartment model with 2 transit compartments
describing the absorption and first-order linear elimination adequately described the PK of TAK-931. The apparent oral clearance (CL/F) of TAK-931
was estimated to be 38 L/h, and the terminal half-life was estimated to be approximately 6 hours. Creatinine clearance (CrCL) was identified as
a covariate on CL/F, and body weight as a covariate on CL/F, apparent central volume of distribution, and apparent intercompartmental clearance.
Simulations using the final model indicated that the effect of CrCL (≥35 mL/min) or body weight (29.8-127 kg) on TAK-931 systemic exposures was
not considered clinically meaningful, suggesting that no dose adjustments were necessary to account for body weight or renal function (CrCL ≥35
mL/min). Sex, age (36-88 years), race, and mild hepatic impairment had no impact on the CL/F of TAK-931. Taken together, the population PK analysis
supports the same starting dose of TAK-931 in Asian and Western cancer patients in a global setting.
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Cell division cycle 7 (CDC7) kinase is a serine/threonine
kinase highly expressed in various types of cancer (eg,
ovarian, breast, colorectal, and lung)1,2 and correlated
with poor prognosis.3–5 It is involved in the DNA
damage response6,7 as well as DNA replication,8,9 sug-
gesting that CDC7 plays important roles in both cell
proliferation during the S phase and genomic stability
in the DNA damage response.10 CDC7 appears to be
a critical gene for the proliferation and survival of
cancer cells, and inhibition of CDC7 is expected to be
antiproliferative and induce apoptosis in a broad range
of cancers.11

TAK-931, 2-[(2S)-1-azabicyclo[2.2.2]oct-2-yl]-6-(3-
methyl-1H-pyrazol-4-yl)thieno[3,2-d]pyrimidin-4(3H)-
one hemihydrate (the chemical structure presented in
Figure S1), is a small molecule that inhibits CDC7
kinase and is currently under development for the
treatment of patients with advanced malignancies.12–15

An open-label, dose-escalation, first-in-human study
in adult patients with advanced nonhematologic
tumors was conducted in Japan, and various dosing
schedules were evaluated (NCT02699749).13,16 TAK-
931 administered at 50 mg daily for 14 days in a
21-day treatment cycle was investigated in an open-
label, phase 2 study in adult patients with metastatic
pancreatic, colorectal, and other advanced solid tumors

in the United States with a safety lead-in cohort
to confirm comparable exposures and safety profiles
betweenAsian andWestern patients (NCT03261947).15

Clinical development was subsequently transitioned
from a capsule to a tablet formulation. The relative
bioavailability of tablets in reference to capsules was
assessed.14
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Table 1. Clinical Studies Included in the Population PK Analysis

Study (Phase, Type) and
Clinical Trials.gov
Identifier Patient Population N Regimen TAK-931 Dose PK Sampling Schedule

TAK-931-1002 (Phase 1)
NCT02699749

Adult patients with
advanced
nonhematologic
tumors

80
Schedule A:
PIC once daily 14 days
on/7 days off; 21-day cycle

Schedule A:
30, 40, 50, 60 mg

Schedule A:
Day 1 and day 8 of cycle 1:
before dosing and 0.5, 1, 2, 4, 6,
8, 12, and 24 h after dosing

Schedule B:
PIC once daily 7 days
on/7 days off; 28-day cycle

Schedule B:
60, 80, 100, 120 mg

Schedule B:
Day 1 and day 7 of cycle 1:
before dosing and 0.5, 1, 2, 4, 6,
8, 12, and 24 h after dosing

Schedule D:
PIC once daily 21 days;
21-day cycle

Schedule D:
20, 30, 40 mg

Schedule D:
Day 1 and day 8 of cycle 1:
before dosing and 0.5, 1, 2, 4, 6,
8, 12, and 24 h after dosing

Schedule E:
PIC 2 days on/5 days off;
21-day cycle

Schedule E:
100, 120, 150 mg

Schedule E:
Day 1 and day 9 of cycle 1:
before dosing and 0.5, 1, 2, 4, 6,
8, 12, and 24 h after dosing

TAK-931-1003 (Phase 1,
relative bioavailability)
NCT03708211

Adult patients with
metastatic
pancreatic cancer,
metastatic colorectal
cancer, and other
advanced solid
tumors

20 Sequence 1:
80 mg PIC at day 1 followed
by 80-mg tablet at day 3

Sequence 2:
80-mg tablet at day 1
followed by 80-mg PIC at
day 3

80 mg Before dosing and 0.5, 1, 2, 4, 6, 8,
24, and 48 h after dosing

TAK-931-2001 (Phase 2,
safety and efficacy)
NCT03261947

Adult patients with
advanced
nonhematologic
tumors

98 50 mg PIC once daily 14 days
on/7 days off; 21-day cycle

50 mg Intensive sampling for safety and
disease-specific cohorts:

Day 1 and day 8 of cycle 1:
before dosing and 0.5, 1, 2, 4, 6,
8, and 24 h after dosing

Sparse sampling for
disease-specific cohorts:

Cycle 1 day 1: before dosing and
1, 2, and 4 hours after dosing

Cycle 1 day 8, cycle 2 day 1 and
cycle 2 day 8: before dosing
and 2 h after dosing

PIC, powder-in-capsule; PK, pharmacokinetic.

The objectives of this analysis were to develop a
population pharmacokinetic (PK) model of TAK-931
and quantify the impact of the sources of PKvariability
in adult cancer patients.

Methods
Clinical Studies
All studies were conducted in accordance with the
protocol; the ethical principles with origins in the Dec-
laration of Helsinki; the informed consent regulations
stated in Title 21 CFR, Part 20, in accordance with
the International Council for Harmonization Good
Clinical Practice (E6) §4.8,17 and all applicable local
regulations. The protocol, its amendments, and the

patient informed consent forms were reviewed by the
institutional review boards and independent ethics
committees of the participating study sites. All patients
provided written informed consent for participation in
the study.

A summary of the studies included in the population
PK analyses is provided in Table 1. The analysis data
set included all patients who received TAK-931 and
had at least 1 quantifiable postdose TAK-931 plasma
concentration.

Analytical Methods
TAK-931 plasma samples were analyzed by a validated,
solid-phase, extraction liquid chromatography–tandem
mass spectrometry method. The dynamic range was
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0.5 to 1000 ng/mL. The assay precision for the quality
control samples (1.5-750 ng/mL) ranged from 4.7%-
8.9%, and accuracy (% bias) ranged from –9.6% to
5.3%.

Pharmacokinetic Analyses
The analysis was performed using nonlinear mixed-
effects modeling implemented in NONMEM version
7.3.0 (ICON, Hanover, Maryland). Graphical analysis
and simulations were performed using R version 3.6.3
(R Foundation for Statistical Computing, Vienna, Aus-
tria).

Structural and Statistical Model Development. All anal-
yses were performed using the first-order conditional
estimation method of NONMEMwith interaction and
considered log-transformed TAK-931 plasma concen-
tration data (“log-transform both sides”18). Interindi-
vidual variability (IIV) in the PK parameters was
modeled assuming a log-normal distribution:

θki = θk × eηki (1)

where θki denotes the individual value of parameter
k for the ith patient, θk denotes the population typical
parameter value, and ηki denotes the interindividual
random effect for the ith patient, assumed to have mean
of 0 and variance ωk

2. An additive residual error of the
log-transformed concentration data (equivalent to an
exponential residual error on the untransformed scale)
was used:

log
(
Yi j

) = log(Ci j ) + εi j (2)

where Yij is the jth observed concentration for the
ith patient, Cij is the corresponding predicted concen-
tration, and εij is the additive residual error under the
assumption that ε∼N(0, σ 2).

The PK profiles of TAK-931 were first described
with a 1-compartment model of disposition with first-
order linear elimination and first-order absorption rate
(ka). Two- and 3-compartment models of disposition
were also investigated. First- and zero-order absorption
processes were considered, with ka associated with and
without lag time and delays described by 1, 2, or 3
transit compartments. IIV was evaluated in a stepwise
fashion. The final model-building step consisted of
a covariate evaluation based on a stepwise covariate
modeling (SCM) procedure.

Covariate Model Development. Covariate model de-
velopment was performed in 2 steps. Initially, a uni-
variate covariate screening identified covariates on PK
parameters with IIV that were significant at the α

= .01 level. In addition, body weight was evaluated
as a covariate on all model parameters to allow the

model to estimate allometric effects on TAK-931 PK.
Subsequently, parameter-covariate relationships iden-
tified as statistically significant based on univariate
analysis were evaluated and tested for significance
in a multivariate SCM procedure, as implemented in
Perl-speaks-NONMEM.19 Statistical significance was
assessed at α = .05 and α = .001 significance lev-
els during forward inclusion and backward exclusion,
respectively.

Demographic covariates (baseline age, body surface
area, body mass index, body weight, sex, and race),
baseline laboratory tests (bilirubin [BILI] and creati-
nine clearance [CrCL]), hepatic impairment status (nor-
mal hepatic function: total BILI and aspartate amino-
transferase [AST] ≤ upper limit of normal [ULN];
mild hepatic impairment: total BILI ≤ ULN and AST
> ULN, or ULN < total BILI ≤ 1.5 × ULN and
AST of any value), and Eastern Cooperative Oncology
Group status were evaluated during the univariate
screening.

CrCL was derived from serum creatinine according
to the Cockcroft-Gault equation20:

CrCL
( mL
min

) =
(

(140−Age (years)) ∗ Weight (kg)
72 ∗ Serum creatinine ( mgdL )

)
∗

{
1, i f male

0.85, i f f emale
(3)

Continuous covariates were incorporated into the
population model by a power model centered on the
median value of the covariate, shown in Equation 4:

Pki = θk ×
(

Xij

M
(
Xj

)
)θj

(4)

where Pki is the typical estimate of the parameter k
for patient i, Xij is the value of continuous covariate
Xj for patient i, M(Xj) is the median value of covari-
ate Xj in the analysis data set, θk is the population
typical value of the parameter k, and θ j is a coef-
ficient that reflects the effect of covariate Xj on the
parameter.

Categorical covariates were incorporated into the
population model using a proportional structure, with
the most common level of the covariate being the
reference and the other values of the covariate being
expressed relative to that reference:

Pki = θk × (
1 + θj

)Xij (5)

where Pki, θk, and θ j are as defined for continuous
covariates, and Xij is an indicator variable for pa-
tient i for categorical covariate Xj with value 1 for
the nonreference category and 0 for the reference
category.

Model selection was based on the change in mini-
mum value of the objective function value (OFV). In
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addition, a clinically relevant change in parameter value
across the 5th to 95th percentiles of the covariate values
obtained from patients in the analysis data set and a
reduction in the associated IIV of at least 10% of the
variance,21,22 upon inclusion of the proposed covariate,
were required to justify the retention of statistically
significant covariates identified during the SCM in the
final model.

Final Model Evaluation. Evaluation of the final model
was based on a selection of statistical and graphical
diagnostics.23,24 A nonparametric bootstrap procedure
was performed to evaluate the stability of the final
model and to obtain nonparametric confidence inter-
vals (CIs).25 The bootstrap analysis was performed
by creating 1000 replicates of the data set, obtained
by random resampling of patients from the original
data set, with replacement. The final model was then
repeatedly fitted to each of the replicated data sets,
and CIs were subsequently obtained based on the
distribution of parameter estimates from the bootstrap
runs. Specifically, the median and 95%CIs were defined
as the 50th, 2.5th, and 97.5th percentiles of the results
obtained from the individual bootstrap runs. Bootstrap
statistics were based on replicates that converged suc-
cessfully.

Prediction-corrected visual predictive checks
(pcVPCs) were created to evaluate the predictive
performance of the model.26,27 Plots of the observed
data distribution were compared with simulated
distributions from 1000 replicates of the PK data
set obtained using the final PK model. Specifically,
the median and 2.5th and 97.5th percentiles of the
observed data were contrasted with the 95%CIs of each
of these percentiles obtained from the simulations. The
pcVPCs were also presented following stratification by
representative categorizations of covariates that were
included in the final model.

Model-Based Simulations
Simulations were performed to evaluate the effect of re-
nal impairment on steady-state exposures of TAK-931.
CrCL was simulated for 1000 patients in each of the re-
quired categories of renal function (moderate renal im-
pairment, 30 mL/min≤CrCL< 60mL/min; mild renal
impairment, 60 mL/min≤CrCL< 90 mL/min; normal
renal function, CrCL ≥ 90 mL/min). CrCL was sam-
pled from a uniform distribution bounded by the limits
of the CrCL required for each group. Subsequently,
apparent oral clearance (CL/F) was derived from the
simulated CrCL in each of these virtual patients (also
including the effect of unexplained IIV in CL/F),
and steady-state area under the plasma concentration–
time curve (AUC) was then obtained, following a

nominal dose of 50-mg daily dose, according to
Equation 6:

AUC = Dose
CL/F

(6)

The resulting AUC was normalized to the AUC
obtained from the typical (reference) patient, with a
CrCL of 90.45 mL/min (median value). Subsequently,
the median and 5th and 95th percentiles of the nor-
malized AUC were obtained in each renal function
category to summarize the typical study, as educated by
the final model parameters. The impact of uncertainty
of the final model parameter estimates was derived
by repeating the simulation 1000 times on the basis
of parameter estimates obtained from each of the
individual bootstrap replicates. The 90%CI (defined as
the 5th–95th percentile range of the normalized AUC
obtained in each of the individual study replicates) was
then derived.

The same procedure was followed to simulate the
impact of body weight.

Results
Summary of Analysis Data Set
The population PK analysis included data from 198
patients who contributed 2678 postdose plasma con-
centrations. A total of 55 postdose concentrations were
below the limit of quantification, constituting a small
percentage (2%) of the available postdose concentration
data. As a result, concentrations that were below the
limit of quantification were excluded during the pop-
ulation PK analysis. The 198 patients included in the
population PK analysis each contributed a median of
16 plasma concentrations to the analysis (range, 1-21).

Key demographics and baseline characteristics of all
patients included in the analysis, stratified by clinical
study, are summarized in Table 2.

Base Model Development
The initial model development considered linear mod-
els with first-order elimination and first-order ka. One-,
2-, and 3-compartment models of disposition were
evaluated, and the 2-compartment model was selected.
The absorption process was best described with 2-
transit compartments (OFV reduction by 171 points).
Different numbers of integer transit compartments for
absorption were evaluated. The model with 2 transit
compartments resulted in an adequate fit to the ob-
served data (Table S1). As such, models estimating
noninteger numbers of transit compartments28 were
not considered. A simplification of the model, where
ka = transit rate constant, was performed and led to
a nonsignificant (at the α = .05 level) increase of the
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Table 2. Summary of Demographic and Baseline Characteristics of All
Patients (N = 198) Included in the Population PK Analysis

Baseline Characteristic
Median (Range) or
Categories (%)

Continuous
Age, y 61 (36-88)
Body weight, kg 65.8 (29.8-127)
Body surface area, m2 1.74 (1.11-2.43)
CrCL, mL/min 89.9 (35-204)
Bilirubin,μM 8.6 (1.7-24.5)
Categorical
Race

Asian 55.1
White 33.3
Black or African American 4
Other 7.6

Sex
Female 60
Male 40

Age
<75 years old 91.4
≥75 years old 8.6

Renal function
Normal 50.5
Mild renal impairment 32.8
Moderate renal impairment 17.7

Hepatic function
Normal 80.3
Mild hepatic impairment 19.7

Baseline Eastern Cooperative Oncology
Group performance
0 55.6
1 44.4

AST, aspartate aminotransferase; CrCL, creatinine clearance; SD, standard
deviation; TB, total bilirubin; ULN, upper limit of normal.
Normal hepatic function,TB and AST ≤ ULN;mild hepatic impairment, TB ≤
ULN and AST > ULN or TB > 1 to 1.5 × ULN and AST of any value.
Normal renal function, CrCL ≥ 90 mL/min; mild renal impairment, CrCL of
60-89 mL/min; moderate renal impairment, CrCL of 30-59 mL/min.

OFV (0.7 points). Hence, the model was parameterized
in terms of clearances and volumes and included the
following parameters: CL/F, apparent central volume
of distribution (Vc/F), apparent peripheral compart-
ment volume, apparent intercompartmental clearance
(Q/F), and transit rate constant. IIV on themean transit
time (MTT) was retained during the first round of the
IIV investigation (OFV drop by 716 points) followed by
a second round, where IIV on clearance was retained
(OFV reduction by 589 points).

Covariate Model Development
The effects of covariates of interest (including body
weight, age, BILI, CrCL, sex, race, and normal or
mild hepatic impairment) were evaluated. Race was
evaluated as White vs Asian vs others.

Visual inspection of exploratory scatterplots of in-
dividual patient empirical Bayes estimates and con-
tinuous covariates indicated a potential relationship

between age, CrCL, and body size–related covariates
(body weight, body surface area, and body mass index)
and CL/F (not shown). SCM procedures identified
CrCL as a statistically significant covariate of CL/F,
suggesting that CrCL is a robust predictor of clearance.
Body weight was identified as a statistically significant
covariate of CL/F, Vc/F, and Q/F.

The covariate-parameter relationships retained in
the final model are presented in Equation 7:

CL/F (L/hr) = 38 ×
(

CrCL
90.45 mL/min

)0.325

×
(

BW
65.95 kg

)0.484

Vc/F (L) = 194 ×
(

BW
65.95 kg

)0.867

Q/F (L/hr) = 7.71 ×
(

BW
65.95 kg

)0.938

(7)

Specifically, race, sex, EasternCooperativeOncology
Group status, and hepatic function were not identified
as covariates on CL/F, and none of the evaluated
covariates were statistically significant predictors of
MTT in the SCM. Figure 1 indicated the lack of impact
of race, sex, and hepatic function on TAK-931 CL/F.
A trend was observed between CL/F and race, and
between CL/F and sex. This could be explained by the
correlation between the 2 covariates and body weight.
This was confirmed by the lack of trend in the random
effects (Figure 2).

Final Model
A scheme of the final model is displayed in Figure S1.
Goodness-of-fit diagnostic plots for the final model are
presented in Figure S2, demonstrating that the model
described the data with no obvious bias in residual error
with respect to either time or concentration. A non-
diagonal OMEGA matrix estimating the correlation
betweenCL/F and apparent volume of distributionwas
evaluated. Since pcVPC plots showed good agreement
between the observed and model-predicted concen-
trations in the first 30 hours (Figure 3), during the
full time range (Figure S3) and during the absorption
phase (Figure S4), other correlations were not explored.
Similarly, good agreement between the observed and
model-predicted concentrations was noted when strati-
fied by covariates included in the final population PK
model (Figure 3B/C and Figure S3B/C). The model
development history and selection are provided in Table
S1.

A high percentage (94.9%) of the bootstrap
analyses converged successfully, confirming the
final model’s robustness. The parameter estimates
obtained from the final model were similar to the
median parameter values obtained from the bootstrap
analyses, confirming that the final parameter estimates
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Figure 1. Relationship between covariates and TAK-931 CL/F. Panels A–C box plots: horizontal lines comprising the box are the 25th, 50th (median),
and 75th percentiles. The whisker ends denote 1.5 times the difference between the 25th and 75th percentiles. Panels D–I: black closed circles are
the individual estimates of TAK-931 apparent clearance; the blue lines show linear regressions, and gray shades are the corresponding 95% confidence
intervals of linear regressions. CL/F, apparent oral clearance; HI, hepatic impairment.

corresponded to a global maximum likelihood estimate
(Table 3).

The relationship between CrCL and CL/F was im-
plemented using a nonlinear power function. A 10% in-
crease in CrCL and body weight was predicted to result
in a 3% (95%CI, 2-4) and 5% (95%CI, 3-7) increase in
CL/F, respectively. The variance of the unexplained IIV
on CL/F increased by 18% and 22% when body weight
and CrCL, respectively, were eliminated from the final
model, justifying the retention of both relationships in
the model.

Model-Based Simulations
The simulated TAK-931 concentration-time course af-
ter daily administration of 50 mg of TAK-931 dur-
ing 14 days is presented in Figure 4. This dose reg-
imen has been investigated in a phase 2 study of
TAK-931 in patients with metastatic pancreatic cancer,
metastatic colorectal cancer, and other advanced solid
tumors. Corresponding summary statistics of AUC,

average concentration, maximum concentration, and
minimum concentration, predicted on days 1 and 14,
are tabulated in Table S2. Steady state was reached
quickly after ≈3 days of multiple dose administrations.
Between days 1 and 14, the median AUC, average
concentration, maximum concentration, and minimum
concentration increased by 11%, 11%, 6%, and 44%,
respectively.

A forest plot (Figure 5) demonstrates the effect of
renal function (Figure 5A) and bodyweight (Figure 5B)
on steady-state exposure to TAK-931.

It shows that the largest increase in AUC was ob-
served in patients with moderate renal impairment.
Normalized AUC (corresponding to a typical patient
with median CrCL and body weight [90.45 mL/min
and 65.95 kg, respectively] and no unexplained IIV)
increased with decreasing renal function. The me-
dian normalized AUC (90%CI, reflecting parameter
uncertainty) was 0.91 (0.889-0.929), 1.06 (1.04-1.07),
and 1.25 (1.19-1.33) in patients with normal renal
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Figure 2. Relationship between covariates and individual random effects (ETA) on TAK-931 CL/F. Panels A–C box plots: horizontal lines comprising
the box are the 25th, 50th (median), and 75th percentiles. The whisker ends denote 1.5 times the difference between the 25th and 75th percentiles.
Panels D–I: black closed circles are the individual ETA on apparent clearance; the blue lines show linear regressions, and gray shades are corresponding
95% confidence intervals of linear regressions. CL/F, apparent oral clearance; ETA, empirical Bayes estimate of the interindividual random effect; HI,
hepatic impairment.

function, mild renal impairment, and moderate renal
impairment, respectively. A substantial overlap was
observed in the 5th and 95th percentiles of normalized
AUC, which were obtained in each renal function
category of the typical study. The impact of body
weight was investigated in 3 categories of body weight
corresponding to the observed body weight tertiles of
the population (low, 37.5-62.6 kg; medium, >62.6-79.2
kg; high, >79.2-127 kg). The median normalized AUC
(90%CI, reflecting parameter uncertainty) was 0.803
(0.749-0.873), 0.959 (0.949-0.967), and 1.14 (1.08-1.19)
in patients with low, medium, and high body weights,
respectively. A large overlap was observed in the 5th
and 95th percentiles of normalized AUC, which were
obtained in each bodyweight tertile of the typical study.
Accordingly, dose adjustments based on body weight
and/or mild to moderate renal impairment was not
warranted. The effects of other factors on TAK-931

exposures during covariate analysis are illustrated in
Figure S5.

Discussion
Model-informed approaches are vital to the success of
accelerated oncology drug development programs.29,30

A population PK model was developed for TAK-931
using pooled plasma concentration data obtained from
198 patients in 3 phase 1 and phase 2 studies. A
2-compartment model with 2 transit compartments
describing the absorption and first-order linear elimina-
tion adequately characterized the PK of TAK-931. The
model included random effects (η) to quantify the un-
explained IIV in CL/F and MTT. Including a random
effect on Vc/F did not result in a statistically significant
improvement of the model fit. This was presumably
due to the larger amount of data available around the
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Figure 3. Prediction-corrected visual predictive check of the final population pharmacokinetic model stratified by study (A), renal status (B), and body
weight tertiles (C) during the first 30 hours postdose. Open gray circles are individual data points. The solid black line is the median of the observed
data, and the dashed black lines are the 2.5th and 97.5th percentiles of the observed data. The gray shaded area is the 95% confidence interval of the
simulated median, and the lighter blue shaded areas are the 95% confidence intervals of the simulated 2.5th and 97.5th percentiles of the simulated
data.Moderate renal impairment,30 mL/min ≤ CrCL < 60 mL/min;mild renal impairment,60 mL/min ≤ CrCL < 90 mL/min; and normal renal function,
90 mL/min ≤ CrCL. CrCL, creatinine clearance.
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Table 3. Final Model Parameter Estimates and Bootstrap Results for the Final Model

Final Model Bootstrap Analysis

Estimate RSE (%) Shrinkage (%) Median 95%CI

CL/F, L/h 38.0 0.6 … 38.0 36.1-39.7
Vc/F, L 194 0.5 … 194 185-204
Q/F, L/h 7.71 2.4 … 7.73 7.00-8.56
Vp/F, L 140 1.6 … 140 120-164
MTT, h 0.756 17.3 … 0.760 0.688-0.831
Covariate exponent for creatinine clearance on CL/F 0.325 15 … 0.324 0.236-0.422
Covariate exponent for body weight on CL/F 0.484 21.8 … 0.479 0.272-0.674
Covariate exponent for body weight on Vc/F 0.867 11.4 … 0.858 0.670-1.06
Covariate exponent for body weight on Q/F 0.938 15.7 … 0.926 0.617-1.27
IIV on CL/F, %CV 22.7 6.9 13.4 22.5 19.2-25.6
IIV on MTT, %CV 65.6 5.8 10.3 65.1 56.8-74.8
Additive residual error (standard deviation) in log scale 0.499 4 6.3 0.500 0.462-0.542

CI, confidence interval; CL/F, apparent oral clearance; CV, coefficient of variation; IIV, interindividual variability; MTT, mean transit time; Q/F, apparent
intercompartmental clearance; RSE, relative standard error; Vc/F, apparent central compartment volume; Vp/F, apparent peripheral compartment volume.
CV was obtained from the variance according to the following equation: CV=�(exp(ω2)-1). All data are presented to 3 significant digits, except RSE (%), which
is rounded to 1 decimal place.

Figure 4. TAK-931 median (95% prediction interval) concentration-
time profiles at 50 mg once daily for 14 days.The black solid lines are the
median of simulated data and the gray shaded areas are 95% confidence
intervals.

absorption process compared to the disposition area
that led to the significant inclusion of IIV on MTT
instead of Vc/F. The random effect on CL/F and MTT
was estimated with a good precision (relative standard
error <7%), and the corresponding η-shrinkage values
for CL/F andMTT were acceptable (<30%) in the base
model without covariate relationships. The final model
identified CrCL as a statistically significant (P < .001)
covariate of CL/F and body weight as a statistically
significant covariate (P< .001) of CL/F, Vc/F, and Q/F.

TAK-931 demonstrated pH-dependent solubility
and freely soluble below pH 5. Gastric pH-modifying
agents were excluded from the clinical studies.
It has high permeability and is not a substrate
for P-glycoprotein on the basis of transcellular
transport investigations across Caco-2 cell monolayers.
Investigations into cytochrome P450 (CYP) enzyme-
mediated metabolism showed that CYP2D6 and

A

B

Figure 5. Forest plots of effect of renal function (normal, mild, or
moderate renal impairment) and body weight on the steady-state
exposure of TAK-931 following administration at 50 mg once daily. Black
circles and associated horizontal error bars represent the median, 5th,
and 95th percentiles of the normalized steady-state AUC (typical study
educated by the final model parameters).Blue shaded areas represent the
90%CI of the model predictions. Normalized AUC was derived relative
to the reference patient, with a CrCL of 90.45 mL/min and a body
weight of 65.95 kg. Moderate renal impairment, 30 mL/min ≤ CrCL <

60 mL/min; mild renal impairment, 60 mL/min ≤ CrCL < 90 mL/min;
and normal renal function, 90 mL/min ≤ CrCL < 150 mL/min. Lower
weight tertile, 37.5–62.6 kg; middle weight tertile,>62.7–79.2 kg; upper
weight tertile, >79.3–127 kg. Reference patient CrCL, 90.45 mL/min;
body weight, 65.95 kg. AUC, area under the plasma concentration–time
curve; CI, confidence interval; CrCL, creatinine clearance.
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CYP3A4/5 are the main CYPs involved in the
metabolism of TAK 931. Subsequent investigations
into uridine diphosphate-glucuronosyltransferase
(UGT)-mediated metabolism showed that UGT1A9
is the primary UGT involved in the metabolism of
TAK 931, followed by UGT1A1, 1A4, and 1A7. The
drug–drug interaction potential with CYP inhibitors
is unlikely; however, there is a drug–drug interaction
potential with metabolic enzyme inducers. Therefore,
strong metabolic enzyme inducers (eg, rifampin) were
excluded during the study treatment. TAK-931 was
administered to patients on an empty stomach except
water from 2 hours before taking the study drug until
4 hours after dosing. In addition, a dedicated relative
bioavailability study (NCT03708211) demonstrated
that capsule and tablet were bioequivalent (Takeda,
data on file); therefore, the effect of formulation on
TAK-931 PK was not assessed during the covariate
model development. Among 80 patients with various
advanced solid tumors enrolled in the TAK-931 phase
1 dose escalation study (NCT02699749), the most
common disease type at diagnosis was esophageal
cancer (16%), followed by pancreatic cancer (13%),
and cervical and rectal cancer (5% each). Based on
TAK-931 PK characterized by the noncompartmental
analysis, tumor types had no impact on the PKof TAK-
931. A recommended phase 2 dose of 50 mg once daily
for 14 days in a 21-day treatment cycle was determined
in the patient population of advanced solid tumors.

The simulated exposure after once-daily administra-
tion of 50 mg TAK-931 during 14 days showed a rapid
attainment of the steady state of TAK-931 exposures
after 3 days of treatment, consistent with the estimated
half-life of 6 hours. Overall, the median exposure
of TAK-931 increased by 18% between days 1 and
14, indicating minimum drug accumulations following
multiple-dose administration.

The impact of the body weight and renal function
on steady-state exposures of TAK-931 was assessed.
Comparing to patients with normal renal function,
the median normalized TAK-931 steady-state AUC
values obtained in patients with mild or moderate
renal impairment were within 0.80 to 1.25, suggesting
that dose adjustment was not necessary in patients
with mild to moderate renal impairment. Although
there was a trend for higher TAK-931 exposures with
lower CrCL, the distributions of individual predicted
exposures substantially overlapped among the renal
function categories. Urine TAK-931 PK data were ob-
tained from 79 patients in the phase 1 dose finding study
(NCT02699749). Based on the estimated amount of
TAK-931 excreted in urine, the renal clearance of TAK-
931 was ≈8% of TAK-931 total apparent clearance,
indicating that renal clearance was not a major clear-
ance pathway for overall TAK-931 clearance. This is

consistent with the conclusion that no dose adjustment
is needed for patients with mild or moderate renal
impairment. Similarly, the median normalized AUC
obtained in the 3 body weight groups were within
0.80 to 1.25 in comparison with a typical patient. The
trend of higher TAK-931 exposures was observed with
lower body weights. Considering the overall variabil-
ity of the estimated normalized TAK-931 AUC and
substantial overlap of TAK-931 steady-state exposures
among these body weight groups, body weight had no
clinically meaningful impact on TAK-931 CL/F. The
interaction of impact of bodyweight and renal function
was explored. Simulations that accounted for the cor-
relation between weight and CrCL suggested an ≈50%
increase in TAK-931 steady-state exposures for patients
with low body weight and poor renal function (Figure
S6). The most common treatment-emergent adverse
events (occurring in ≥20% of patients) in the phase 2
study (TAK-931-2001) were nausea (47.5%), vomiting
(35.6%), decreased appetite (33.7%), decreased neu-
trophil count (26.7%), fatigue (23.8%), and abdominal
pain (20.8%). These adverse events can be monitored
and managed through protocol-specified dose modifi-
cation guidance. Due to limited safety data available
for patients with low body weight and poor renal
function, these patients should be closely monitored for
toxicities.

The first-in-human clinical study of TAK-931 was
conducted in Japan. A recommended phase 2 dose of
50 mg once daily for 14 days in a 21-day treatment
cycle was selected. This dosing schedule was further
evaluated in aWestern patient population in the phase 2
study. A safety lead-in cohort was included in the phase
2 study to confirm the comparable TAK-931 systemic
exposures and safety profiles between Japanese and
Western patients. In this population analysis, race was
not identified as a statistically significant covariate on
TAK-931 CL/F. The comparable CL/F across races
(Figure 1A) supports the same starting dose of TAK-
931 in the global patient populations. In addition, sex,
age (36-88 years), and mild hepatic impairment had no
impact on TAK-931 CL/F, indicating no need of dose
adjustment for these patient-specific factors.

Conclusions
A population PK analysis was performed to
characterize sources of variability on the PK of TAK-
931 in 198 adult patients with advanced solid tumors.
A 2-compartment model with 2 transit compartments
adequately described the PK of TAK-931. Race (Asian
vsWestern), sex, age (36-88 years), Eastern Cooperative
Oncology Group status (0 or 1), body weight (29.8-127
kg), mild hepatic impairment, and mild to moderate
renal impairment (CrCL≥35mL/min) had no clinically
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meaningful impact on TAK-931 PK. The analysis
supports the same starting dose of TAK-931 in adult
patients with cancer in a global setting.
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