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ABSTRACT: (1) Purpose: This study aimed to develop a
physiologically based pharmacokinetic (PBPK) model to predict
the trough concentration (Ctrough) of imatinib (IMA) at steady state
in patients and to explore the role of free concentration ( f up), α1-
acid glycoprotein (AGP) level, and organic cation transporter 1
(OCT1) activity/expression in clinical efficacy. (2) Methods: The
population PBPK model was built using physicochemical and
biochemical properties, metabolizing and transporting kinetics,
tissue distribution, and human physiological parameters. (3)
Results: The PBPK model successfully predicted the Ctrough of
IMA administered alone in chronic phase (CP) and accelerated
phase (AP) patients, the Ctrough of IMA co-administered with six
modulators, and Ctrough in CP patients with hepatic impairment.
Most of the ratios between predicted and observed data are within 0.70−1.30. Additionally, the recommendations for dosing
adjustments for IMA have been given under multiple clinical uses. The sensitivity analysis showed that exploring the f up and AGP
level had a significant influence on the plasma Ctrough of IMA. Meanwhile, the simulations also revealed that OCT1 activity and
expression had a significant impact on the intracellular Ctrough of IMA. (4) Conclusion: The current PBPK model can accurately
predict the IMA Ctrough and provide appropriate dosing adjustment recommendations in a variety of clinical situations.

1. INTRODUCTION
Imatinib (IMA) is the first selective tyrosine kinase inhibitor
that primarily targets BCR-Abl. It is clinically indicated for the
treatment of patients with Philadelphia chromosome-positive
chronic myeloid leukemia (Ph + CML) approved in 2001 and
gastrointestinal stromal tumor (GIST) approved in 2002 by
the FDA in blast crisis (BC), accelerated phase (AP), or
chronic phase (CP).1,2 Dosage strengths were approved as 100
mg and 400 mg tablets for oral administration of 300−600 mg
once daily (OD) for patients.2

CYP2C8 (cytochrome P450) and CYP3A4 are the major
enzymes responsible for the biotransformation of N-desmethyl
IMA.3 CYP3A5, CYP2D6, and CYP2C9 enzymes play a minor
role in the formation of the N-desmethyl IMA.3,4 It was
reported that at least 14 metabolites were present in human
plasma, urine, and feces.5 Of these metabolites, only the
metabolite N-desmethyl IMA exhibits inhibitory activity
towards BCR-Abl similar to IMA.6 However, the plasma
AUC of N-desmethyl IMA is about 13.1% of the area under
curve (AUC) for IMA.5 Moreover, the in vivo distribution of
IMA is involved in multiple transporters. IMA is a substrate for
the influx organic cation transporter 1 (OCT1).7 Likewise, in
vitro data indicated that IMA was also a substrate for efflux
transporters p-glycoprotein (p-gp)8 and organic anion trans-

porting polypeptides 1B1 (OATP1B1)9 and influx ATP
binding cassette subfamily G member 2 (Abcg2)10 as well as
an inhibitor of human p-gp with a Ki of 18.3 μM.8 Of these
transporters, OCT1 is the only influx transporter for which it
has been clinically reported that a higher dose, even up to 800
mg/day, was needed to overcome the negative impact of low
activity and expression in CML patients.11

The research on exposure−response relationships in patients
has suggested that clinical efficacy is strongly correlated with
the trough concentration (Ctrough) of IMA at steady state. A
large number of studies have suggested a minimum
concentration (i.e., Ctrough) of ≥1000 ng/mL as a pharmaco-
kinetics (PK) threshold for optimal clinical efficacy.12−14 In
addition, clinical analyses between exposure and side events
have found that the frequency of neutropenia in patients with
CML-CP can reach 37% within 12 months when the Ctrough is
above 3180 ng/mL.15 However, the converted maximum
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human dose is 800 mg/day based on the body surface area
according to teratogenic toxicity in rats.16,17 The reported
mean Ctrough of IMA at 800 mg is 2690 ng/mL in CML
patients15 and 3330 ng/mL in GIST patients18 in the clinical
research. As a result, a PK threshold of 1000 ng/mL ≤ Ctrough
≤ 3010 ng/mL (mean of 2690 and 3330 ng/mL) is
appropriate for clinical efficacy and safety.
Multiple factors can influence the human Ctrough of IMA,

including different disease statuses (CP and AP), co-
administration with CYP3A4 modulators (drug−drug inter-
action, DDI), insufficient hepatic function, and CYP3A4/
CYP2C8 genetic polymorphisms. The previous studies have
demonstrated that the AUC of IMA was increased by 40% with
ketoconazole19 (a strong CYP3A4 inhibitor) co-administration
and decreased by 68% upon concomitant use with rifampicin20

(a strong CYP3A4 inducer). Additionally, the clinical study has
displayed that the dose of IMA should be increased to 600
even to 800 mg/day to achieve a better clinical response
because of the low activity and expression of OCT1.11

Despite high solubility, permeability (BCS I),21 and oral
bioavailability of IMA,2 the huge interpatient variations, even a
5422 and 58%23 coefficient of variation (CV), were still
observed in the multiple papers. The IMA Ctrough is strongly
correlated with clinical response. A large Ctrough variation can
lead to ineffective clinical therapy. According to the
observations in the clinic,3,11 the difference in expression and
activity of metabolizing enzyme and OCT1 between different
patients can be two main influencing factors. In addition, IMA
highly binds to α1-acid glycoprotein (AGP), with plasma
protein binding of 92−95% in healthy humans and patients
with different disease statuses (AP and CP).24 Also of note is
that it has been evidence that the AGP level in patients with
CML is significantly higher compared with healthy humans6

and that patients in AP have a significantly higher AGP level
than those in CP.25 It has been observed that an increased
AGP level can significantly reduce systemic exposure of IMA.6

As a result, the difference of f up (plasma free IMA
concentration) and AGP level between different patients may
be important factors influencing Ctrough variation. Additionally,
different administered doses were proposed for patients at
different disease statuses in CP (400 mg/day) and AP (600
mg/day). What is the primary cause of the difference in Ctrough
levels between patients at various stages? The large difference
in f up, AGP level, and OCT1 activity and expression in healthy
humans and patients at different phases can be the main cause.
Currently, four papers are involved in the physiologically

based pharmacokinetic (PBPK) model of IMA.26−29 Never-
theless, only two of them have great applied value.28,29 The
work by Adiwidjaja et al. primarily focused on the applications
of PK in pediatrics using the PBPK model28 and the
predictions of interethnic differences in PK of IMA.29 When
taking IMA in patients in various clinical situations (such as
those in AP or CP, DDI caused by CYP3A4/2C8 and OCT1
and patients with hepatic impairment), the IMA Ctrough
threshold should be considered as a key factor in determining
the optimum dosing regimens. Therefore, we developed a
PBPK model in healthy humans and patients in CP and AP
and used it to (i) predict the Ctrough of IMA in patients in CP
and AP, respectively, (ii) predict Ctrough alterations of IMA
upon concomitant use with CYP3A4/2C8/OCT1 modulators
and in patients with liver dysfunction, (iii) analyze the effect of
f up, AGP level and OCT1 activity/expression on IMA Ctrough by
the sensitivity analysis, and (iv) recommend an appropriate

dosing regimen in the patients under various clinical situations
based on the Ctrough threshold for the efficacy and safety.

2. MATERIALS AND METHODS
2.1. Software. The PK-Sim (Version 10.0, Bayer

Technology Services, Leverkusen, Germany) was used to
build the PBPK model; Digit (Version 1.0.4, Simulations Plus)
was used to digitize the figures of PK profiles of IMA from
published papers. Origin 2019 (version 9.6.5.169, OriginLab)
was used to draw the figures.
2.2. PBPK Model Development and Verification.

2.2.1. PBPK Model Development. In the PBPK model, the
human tissue distribution and cellular permeability of IMA
were described by Rodgers and Rowland and PK-Sim standard
methods, respectively. The biotransformation of IMA to N-
desmethyl IMA was described by Michaelis−Menten kinetics,
and Km and Vmax were assigned as 1.4 μM and 0.41 pmol/min/
pmol for CYP2C83 and as 10.5 μM for CYP3A4,28

respectively. The CYP3A4 Vmax was optimized to 6.0 pmol/
min/pmol to better fit the observed PK profiles. The
metabolism of IMA to other metabolites was described by
intrinsic clearance (CLint). The CLint,u values for CYP2C8 and
CYP3A4 were 24.2 and 33.4 μL/min/mg protein, respec-
tively.28 The active uptake of IMA via OCT1 into cells was also
depicted by Michaelis−Menten kinetics. The Vmax value for
OCT1 in healthy humans was calculated as 128.1 pmol/min/
pmol by Vmax (50.5 nmol/mg protein/10 min) in the paper

7 ×
protein expression (37.3 mg/g liver tissue)30 × liver weight
(1855.8 g for a 74.2 kg person)31 × concentration (0.077 μM/
L liver tissue)32 × liver volume (mean 2.38L, built-in PK-Sim).
Based on published studies,7 Vmax for OTC in diseased cells is
about 40% of that in healthy status. As a result, the Vmax values
for OCT1 in CP and AP patients were calculated as 50.7
pmol/min/pmol. The Vmax values of OATP1A2, OATP1B3,
and OCCN2 were calculated to be 72.5, 57.7, and 67.6 pmol/
min/g tissue by ratio of the cumulative transported amount
and those by OCT1 (about 0.5 pmol/min/million cells).9 The
Vmax values for ABCB1 and ABcg2 were converted based on
the relationship of g tissue equivalent to 120 million cells.28

The Km values for OATP1A2, OATP1B3, OCTN2, and
ABCB1 were optimized using the parameter identification
module of PK-Sim.
The PBPK model of IMA contains three metabolizing

enzymes (CYP2C8 and CYP3A4/3A5) and six influx/efflux
transporters (OCT1, OATP1A2, OATP1B3, OTCN2,
ABCB1, and ABcg2). Except for the three metabolizing
enzymes, the reference concentrations of six transporters
were not built into the PK-Sim expression database. The
OCT1 expression was obtained from the paper.32 For
OATP1A2,33 OATP1B3,34 OTCN2,35 ABCB1,35 and
ABcg2,35 the reference concentration was calculated using
the formula (transporter protein abundance × expressed organ
weight)/liver volume.
The f up values for healthy humans, CP patients, and AP

patients were assigned as 0.074,24 0.05, and 0.05 (mean value
of AML patients),6,24 respectively. Also, the mean AGP level in
healthy humans and CP and AP patients was determined to be
0.62, 0.92, and 1.32, respectively.25 In the PBPK model, the
CV% of every population in AGP concentration was set at
15%. The change in AGP level between different populations
was described using the plasma protein scale factor (PPSF) in
the PK-SIM. PPSF was estimated by.32
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=
+ ×f f

PPSF
1

(1 ) AGPup up f (1)

where AGPf is the fractional value of the compared AGP level
in healthy humans compared with AGP in CP and AP patients.
The renal clearance (CLR) was estimated by the glomerular
filtration rate (GFR) × f up method in PK-Sim. The log P of
IMA spans from −2.0 (pH 1.0) to 2.0 (pH 6.8);36 in this
simulation, the log P was set at 1.1. In this model, the effect of
kidney transporters or tubules on the uptake or excretion of

IMA was not considered, and as a result, the fraction of GFR
was set at 1.0. Kp scale was optimized to 5.0 to better describe
the tissue distribution of IMA.
The demographic characteristics data used in the PBPK

model were taken from each corresponding clinical study, and
the virtual population information includes age range, body
weight, height, and proportion of female participants. If some
data was unavailable, the mean value built-in PK-Sim was used
as a surrogate. The final parameters of the model are
summarized in Table 1.37−39

Table 1. Summary of Parameters Used in the PBPK Model

property (units)
values used in
the model literature values and source descriptions

MW (g/mol) 493.61 chemspider molecular weight
pKa (dibasic base) 3.9, 7.7 3.9, 7.737 base dissociation constant
log P 1.1 −2.0 (pH 1.0) to 2.0 (pH 6.8)36 lipophilicity
solubility (mg/mL) 0.1 (pH 6.0) 0.1 (pH 6.0)36

Papp (×10−6 cm/s) 0.95 0.954 Caco-2 cell permeability
f up 0.074,a 0.05,b

0.04c
7.4 and 5.0%24 fraction of free drug in plasma

Rbp 1.6 optimized blood-to-plasma concentration ratio
CYP3A4 Vmax (pmol/min/pmol) 6.0 3.028 maximum metabolism velocity for converting to N-desmethyl

IMACYP2C8 Vmax (pmol/min/pmol) 0.41 0.41, 44.13

CYP3A5 Vmax (pmol/min/pmol) 44.1
CYP3A4 Km (μM) 10.5 10.528 Michaelis−Menten constant for converting to N-desmethyl

IMACYP2C8 Km (μM) 1.4 1.4, 433

CYP3A5 Km (μM) 43
CYP3A4 CLint,u (μL/min/mg protein) 24.2 24.2, 33.428 intrinsic clearance for the other metabolites
CYP2C8 CLint,u (μL/min/mg protein) 33.4
OCT1 Vmax (pmol/min/pmol) 128.1,a 50.7b,c 50.5 nmol/10 min/mg protein maximum efflux/influx velocity for OCT1, OATP1B1,

OATP1B3, OCTN2, ABCB1, and ABcg2Vmax (pmol/min/ g tissue) OATP1A2 72.5 calculated
OATP1B3 57.7
OCTN2 67.6
ABCB1 12.5 1.5, 89.4 pmol/min /million cells
ABcg2 0.75

OCT1 Km (μM) 36.2 26.27 Michaelis−Menten constant for OCT1, OATP1B1,
OATP1B3, OCTN2, ABCB1, and ABcg2OATP1A2 63.2 optimized

OATP1B3 80.3
OCTN2 76.3
ABCB1 20.3
ABcg2 4.37 4.3728

CLR (L/h) GFR × f up GFR × f up renal clearance
GFR fraction 1.0 fraction of filtered drug in the urine
PPSF 1.0,a 1.45,b

2.02c
calculated using formula 1 plasma protein scale factor

Kp scale 5.0 optimized organ-to-plasma partition coefficient
partition coefficients Rodgers and

Rowland
optimized calculation method from cell to plasma coefficients

cellular permeabilities PK-Sim
Standard

optimized permeability calculation method across cell

reference concentration
(μM/L liver tissue)

CYP3A4 4.32 default reference concentration for metabolizing enzyme and
transportersCYP2C8 2.56

CYP3A5 0.04
OCT1 0.077 0.07732

OATP1A2 1.31 calculated
OATP1B3 0.30
OCTN2 0.0027
ABCB1 0.68
ABcg2 0.13

Ki CYP3A4 (μM) 14.3 14.339 inhibition constant at CYP3A4
Kinact CYP3A4 (min−1) 0.072 0.07239 the maximum rate of inactivation against CYP3A
aFor healthy humans. bFor CP patients. cFor AP patients.
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2.2.2. PBPK Model Verification. Multiple clinically observed
PK profiles of IMA in healthy subjects40,41 and in CP patients
with CML42 were employed to validate the predictive accuracy
of the PBPK model. The prediction accuracy of the PBPK
model was evaluated using the ratio between predicted and
observed PK parameters (AUC, Cmax and Cend). Subsequently,
the PBPK model was further verified by comparing the
predicted and observed Ctrough in AP and CP pa-
tients13,15,18,22,42−44 at eight doses for consecutive 15 days.
Generally, the commonly acceptable criterion is within 0.5−
2.0; however, in our study, the acceptable criterion was set
within 0.7−1.3.
2.3. Sensitivity Analysis. The sensitivity analysis was

carried out to determine the effect of the selected model
parameters on the Ctrough for CP and AP patients. The standard
dose regimens were given at 400 mg OD in CP patients and
600 mg OD in AP patients, respectively, for consecutive 14
days. The modeling parameters were selected in the sensitivity
analysis according to the following criteria: (1) optimized and
(2) could have a strong impact on the Ctrough in this model.
The selected parameters were (i) log P, (ii) f up, (iii) Rbp, (iv)
PPSF, (v) CYP3A4/2C8 Vmax and OCT1 Vmax, (vi) KM and
Vmax for OATP1A2, OATP1B3, OCTN2, and ABCB1, (vii)
expression (CYP3A4/2C8, OCT1), (viii) liver volume, and
(ix) Ki CYP3A4.
The effects of the selected parameters on the Ctrough were

evaluated by altering the value of each parameter by ± 20%.45

The sensitivity coefficient (SC) is calculated as follows45

= ÷Y Y P PSC / / (2)

where ΔY is the alteration of predicted Ctrough; Y is the initial
value of predicted Ctrough; ΔP is the alteration of model
parameters; and P is the initial value of assessed parameters. If
a certain SC absolute value is above 1.0 (i.e., it means that a
20% change of the assessed parameters results in a 20%
alteration in Ctrough), it means that this model parameter has a
significant influence on predicted Ctrough.
2.4. Applications of the PBPK Model. 2.4.1. Ctrough

Prediction in CP and AP Patients. In the PBPK population
simulations, both the disease and phase of patients and dosage
were set according to the clinical papers (Table 2). The IMA
was administered for consecutive 14 days. It was assumed that
steady state could be reached after 14 days of taking IMA.

2.4.2. Ctrough Prediction under DDI. The developed PBPK
model of IMA was combined with the PBPK models of
CYP3A4 inhibitors (ketoconazole and itraconazole) and
inducers (rifampicin and efavirenz), CYP2C8 inhibitors
(montelukast) and inducers (rifampicin), and OCT1 inhibitors
(verapamil), respectively, to predict IMA Ctrough changes under
DDI. The inhibition and induction parameters of modulators
are listed in Table 3.46−51

During DDI simulations, the IMA dosage regimens were
designed as multiple doses for CP patients. The dosage
regimens of the inhibitors and inducers are given in Table 4.
The virtual demographic characteristics data in the DDI
simulations with ketoconazole and rifampicin were taken from
the published papers.19,20 However, because of the unavail-
ability of clinical DDI data, the virtual demographic character-
istics data of the other DDI simulations are performed using
the same demographic characteristics as the simulations with
ketoconazole in this study.
The DDI simulation was first validated using the clinically

observed PK profiles of IMA (200 mg OD for consecutive 7

days) when administered with ketoconazole.19 Following that,
the Ctrough values of IMA were predicted under multiple DDI
scenarios. The final modeling parameters used in the PBPK
models for all of the modulators are listed in Supporting Table
S1.

2.4.3. Ctrough Prediction in Patients with Hepatic Impair-
ment. The physiological parameters used in patients with
hepatic dysfunction were obtained from the published papers
and are summarized in Supporting Table S2. The IMA dosage
regimens were set for CP patients with wild (at 300, 400, 500,
and 600 mg OD), moderate (at 200, 300, and 400 mg OD),
and severe (at 100, 200, and 300 mg OD) hepatic
impairments. The virtual demographic characteristics data in
this simulation correspond to those in the paper.52,53 The
simulations in CP patients with hepatic impairment were
validated by comparisons with the clinically observed PK
data.52,53 Next, the Ctrough values in CP patients with mild,
moderate, and severe hepatic impairment were predicted by
the PBPK model, respectively, after IMA was administered
under multiple dosages for consecutive 14 days (see Table 4).

3. RESULTS
3.1. Validation of the PBPK Model. Figure 1 shows the

generic workflow of the PBPK model for IMA. The population
PBPK model was built based on the modeling parameters,
absorption, metabolism, and distribution processes involved in
multiple metabolizing enzymes and transporters. The model
was validated using multiple PK profiles in healthy humans and
CP patients, using ratios between predicted and observed
Ctrough, using PK profiles in healthy humans when co-
administered with ketoconazole, and using PK profiles in CP
patients with hepatic impairment. Subsequently, the PBPK
model displayed a wide application in four aspects. Finally, the
PBPK model was used to determine the optimal dosing
regimens in various clinical settings.
The predicted and observed plasma concentration−time

profiles in healthy subjects are shown in Figure 2A (an infusion
of 100 mg IMA in 60 min) and 2B (single oral administration
of 400 mg IMA). Figure 2C−F shows the predicted and
observed plasma concentration−time profiles in CP patients.
As seen in Figure 2, the population PBPK model may
reproduce the clinically determined PK profiles.40−42 The
predicted and observed arithmetic mean PK parameters are
shown in Figure S1. All three predicted/observed ratios (AUC,
Cmax, and Cend) were in the range of 0.7−1.3 (Figure S1). The
goodness-of-fit plot (Figure S1) visually demonstrates a good
fit of the PBPK model of IMA.

Table 3. Inhibition and Induction Parameters of Modulators

modulators Ki (μM) ECmax

EC50
(μM)

Ketoconazole46 0.015 (CYP3A4)
Itraconazole47 0.0013 (CYP3A4)
Hydroxy-
itraconazole47a

0.0023 (CYP3A4)

Rifampicin48,49 9.0 (CYP3A4) 0.34
10.0 (CYP2C8) 0.12

Efavirenzb 5.2 (CYP3A4) 0.07
Montelukast50 0.02 (CYP2C8)
Verapamil51 2.0 (OCT1)
aMetabolite of itraconazole. bBuilt-in PK-Sim.
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3.2. Sensitivity Analysis. As shown in Figure 3, the ten
sensitive parameters to the IMA Ctrough are represented. The
most sensitive parameters in both CP and AP patients were to
PPSF (SC: −163 vs −1.40), f up (SC: −163 vs −1.40), and
log P (SC: −1.09 vs −1.01) for Ctrough at steady state. Also of
note was that PPSF and f up are the two significantly different
parameters in healthy humans and CP and AP patients. It
indicates that it is more appropriate to use different PPSF and
f up values in the PBPK model for healthy humans and patients
at different disease statuses. Since log P is an intrinsic physical
and chemical parameter of IMA and not optimized, this
parameter is subsequently not studied.
Next, we simulated the influence of f up within the range of

0.02−0.10 and PPSF within the range of 0.5−3.0 on the Ctrough.
Figure 3C,D depicts the influence of f up and PPSF on the
Ctrough in CP (400 mg OD consecutive 14 days) and AP (600
mg OD consecutive 14 days) patients, respectively. The
simulations displayed that fup and PPSF have a significant
impact on the Ctrough of IMA. The Ctrough gradually descends
with f up and PPSF increasing and some data points are outside
the efficacy and safety thresholds. The influencing trend f up on
the Ctrough in CP and AP patients is quite similar, while PPSF
has a wider impact on the Ctrough in AP than those in CP
patients (Figure 3D). Besides, the SD values in CP patients are
significantly lower than those in AP patients. Because of the
difference in f up and AGP level between patients, this could in

part account for the wide interpatient variation in the observed
Ctrough of IMA in the clinic.
3.3. Model Applications. 3.3.1. Ctrough Prediction in CP

and AP Patients. The arithmetic mean values and SD values of
the IMA Ctrough were predicted by the PBPK model in CP and
AP patients, respectively, under eight different doses. As seen
in Table 2 and Figure 4A, except for two ratios, the other ratios
were between 0.70 and 1.30. The simulations further showed
that the developed PBPK model can predict accurate IMA
Ctrough at steady state. The box plot (Figure 4B) indicates that
the Ctrough values are within the desired threshold range at the
doses of 400 and 600 mg in CP patients and only 600 mg in
AP patients, which may ensure clinical efficacy (Ctrough > 1000
ng/mL) and safety (Ctrough < 3010 ng/mL). The recom-
mendations of the dose of 400 and 600 mg in CP patients and
600 mg in AP patients by the PBPK are in good agreement
with the clinical dose suggestion.2

3.3.2. Ctrough Prediction in CP Patients under DDI. The
predicted and observed PK data of six modulators of
metabolizing enzymes and transporters have been given in
supplementary Figure S2 and Table S3. The predicted PK
profile of IMA when co-administered with ketoconazole is
shown in Supporting Figure S3. Although our DDI simulation
slightly overestimated the observed data, the 90% prediction
interval almost covered the clinically observed data.19 The
predicted ratios of PK parameters are listed in Supporting
Table S4. The Cmax, C192, and Tmax ratios of IMA at 200 mg

Table 4. IMA Dosing Adjustment Recommendations Based on the PBPK Model

scenarios arithmetic mean Ctrough (ng/mL) ± SD based-model recommendation

DDI (IMA + ketoconazole 400 mg OD)
300 mg OD 1075 ± 395 no need to adjust dose
400 mg OD 1519 ± 575

DDI (IMA + itraconazole 200 mg BID)
200 mg OD 1040 ± 450 support dose reduction to 300 mg OD
300 mg OD 1556 ± 767
400 mg OD 2103 ± 958

DDI (IMA + rifampicin 600 mg OD)
400 mg OD 193 ± 86 avoid concomitant use or adjust dose to 400 mg BID
800 mg OD 744 ± 364
400 mg BID 1304 ± 417

DDI (IMA + efavirenz 600 mg OD)
400 mg OD 484 ± 285 avoid concomitant use or adjust dose to 800 mg OD or 300 mg BID
600 mg OD 987 ± 440
800 mg OD 1585 ± 633
200 mg BID 767 ± 343
300 mg BID 1442 ± 683

DDI (IMA + montelukast 10 mg OD)
400 mg OD 1170 ± 491 no need to adjust dose

DDI (IMA + verapamil 80 mg BID)
300 mg OD 1020 ± 486 no need to adjust dose
400 mg OD 1446 ± 623

hepatic impairment
mild 300 mg OD 880 ± 354 no need to adjust dose

400 mg OD 1275 ± 511
500 mg OD 1703 ± 626

moderate 200 mg OD 603 ± 205
300 mg OD 1017 ± 466
400 mg OD 1474 ± 512

severe 200 mg OD 748 ± 367 support dose adjustment to 300 mg OD
300 mg OD 1196 ± 388
400 mg OD 1665 ± 729
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OD co-administered with ketoconazole were 1.60-, 1.96-, and
1.59-fold higher, respectively, compared with IMA only. The
simulation was consistent with the clinical data,54,55 which
further confirmed the predictive power of this PBPK model.
As shown in Figure 5 and Table 4, based on the efficacy and

safety thresholds, when co-administered with ketoconazole,
montelukast, or verapamil, the PBPK simulations showed that
400 mg OD for IMA still represents a suitable dosing regimen
in CP patients. When co-administered with itraconazole,
rifampicin, or efavirenz, the simulations suggested that the

dosing regimens of IMA may be modified to 300 mg OD, 400
mg BID, and 800 mg OD (or 300 mg BID), respectively.
However, given the patient compliance (lowering the
frequency of administration) and long-term administration
safety (resulting in the teratogenic toxicity of over daily 800
mg), avoiding concomitant use with CYP3A4 reducers may be
a better option for IMA clinical use. The model-based
recommendations for concomitant use with ketoconazole
and rifampicin are in good agreement with the clinical
recommendations in DDIs.2

Figure 1. Generic workflow of the PBPK model.

Figure 2. Simulations of the pharmacokinetics of IMA in healthy humans (A, B) and CP patients (C−F) after an oral administration. Square is the
clinically observed data.
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3.3.3. Ctrough Prediction in CP Patients with Liver
Dysfunction. Supporting Figure S4 shows the predicted and
observed PK profiles in CP patients with hepatic impairment.
The ratios between predicted and observed PK parameters are
summarized in Supporting Table S5. The simulations showed
that the predicted PK data were in agreement with the
observed values.52 This indicates the developed PBPK model
can basically be used to predict Ctrough in CP patients with liver
impairment.
As shown in Figure 5B and Table 4, the PBPK model

suggests that it is not necessary to adjust the dosing regimen
for CP patients with mild and moderate hepatic impairment,
which is in good agreement with the clinical recommenda-

tion.2,52 The simulations suggested that the dosage regime in
CP patients with severe hepatic impairment should be
modified to 300 mg OD, which is also in good agreement
with the clinical recommendation.2

3.3.4. Intracellular Ctrough Prediction. It has been confirmed
that the influx transporter OCT1 plays a marked role in clinical
efficacy. The CML patients with low activity and expression of
OCT1 could achieve a better molecular response only at a
higher IMA dose (even at 800 mg OD) than the standard dose
(i.e., 400 mg OD). However, the IMA plasma Ctrough failed to
reflect this influence of activity and expression of OCT1 on
clinical efficacy (Figure 6A,B) because lower activity and
expression of OCT1 caused a higher plasma Ctrough. This is just
in contradiction with the clinically observed result.11 There-
fore, the intracellular unbound Ctrough and intracellular
bioavailability (AUC) of IMA were simulated to assess this
influence. As shown in Figure 6C,D, the activity and expression
of OCT1 had a significant effect on the intracellular Ctrough and
AUC. The OCT Vmax had slightly bigger ratios between
maximal and minimal intracellular Ctrough and between maximal
and minimal intracellular AUC, compared to the OCT1
expression (Ctrough ratio: 6.4 vs 5.0; AUC ratio: 4.6 vs 4.2).
Figure 6E depicts the relationship of dose and IMA
intracellular Ctrough ratios, with a ratio of about 3-fold at 800
mg than 400 mg. When the OCT1 Vmax and expression
decreased to one-third of normal value, both intracellular
Ctrough values of IMA also decreased by approximately 3-fold
(Figure 6F). The simulations indicated that the intracellular
Ctrough (or AUC) of IMA, instead of plasma Ctrough, may guide
dose adjustment to improve clinical response when patients
with low OCT1 Vmax and expression are taking IMA.

4. DISCUSSION
In this study, the PBPK model of IMA was developed
successfully to simulate the Ctrough in CP and AP patients
administered alone or co-administered with other modulators

Figure 3. Sensitivity analysis of the PBPK model for CP (A) and AP (B) patients and the effect of fup (C) and PPSF (D) on the Ctrough of IMA.
Data were shown as arithmetic mean values ± SD (C, D).

Figure 4. Ratios between predicted and observed Ctrough (A) and box
plot of predicted Ctrough (B). Data were taken from Table 2 and shown
as arithmetic mean values ± SD (B). The blue (□) and red box (□)
represent data in CP and AP patients, respectively (B).
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of CYP3A4/2C8 enzymes and influx transporters. Besides, the
PBPK model was also used to predict the Ctrough in CP patients
with hepatic impairment. Furthermore, the optimal dosing
regimens suggested by the PBPK model were provided to
maximize the clinical efficacy and minimize the side effects.
4.1. Key Modeling Parameters for Healthy Humans

and CP and AP Patients in the Development of the
PBPK Model. Despite the fact that several PBPK models of
IMA have been published,26−29 to our knowledge, this is the
first study to develop a PBPK model in healthy humans, CP
patients, and AP patients by incorporating the three key

modeling parameters ( f up, AGP level, and OCT1). The three
modeling parameters differed significantly in healthy hu-
mans,7,24,25 CP and AP patients, as well as having a marked
impact on the clinical molecular response.6,11,18 Therefore,
different values of the three modeling parameters at different
populations were loaded into the PBPK model to predict the
Ctrough of IMA for healthy humans and CP and AP patients,
respectively. Moreover, in an in vitro experiment,39 IMA was
shown to be a potent mechanism-based inhibitor of CYP3A4,
and in an in vivo study,4 it was found to significantly increase
plasma exposure of simvastatin 40 mg by about 4-fold.

Figure 5. Box plot of predicted Ctrough (A) in CP patients under DDIs and in CP patients with hepatic impairment (B). Data were shown as
arithmetic mean values ± SD. Ket: ketoconazole, Itr: itraconazole, Rif: rifampicin, Efa: efavirenz, Mon: montelukast, and Ver: verapamil.

Figure 6. Influence of OCT1 Vmax and expression on IMA PK. Influence of OCT1 Vmax (A) and OCT1 expression (B) on the plasma Ctrough.
Influence of OCT1 Vmax (C) and OCT1 expression (D) on Ctrough and AUC of intracellular free IMA. The relationship between IMA dose and
intracellular Ctrough ratios (E). The plot of OCT1 Vmax (bottom X + left Y) and OCT1 expression (top X + right Y) as a function of intracellular
Ctrough ratios (F). The Y-axis is shown in log 10 scale (C, D).
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However, in the published PBPK models of IMA, this
parameter was not considered yet. Although our sensitivity
analysis did not show sensitivity of the Ki CYP3A4 to Ctrough
(SC:-0.16), there was a difference of approximately 2-fold in
the Ctrough value with and without the Ki CYP3A4 in the
population simulation. As a result, it is also necessary to add
this parameter to the PBPK model.
4.2. Key Factors Influencing the Plasma Ctrough of IMA

in Patients. Many factors (age, gender, genetic poly-
morphism, DDI, gastrectomy, etc.) that could affect Ctrough of
IMA in patients have been summarized in the paper.53 Of
these factors, the IMA Ctrough is significantly associated with the
two key factors (AGP concentration18 and DDI with CYP3A4/
2C8 inducers53), and molecular response is significantly
associated with OCT1 activity and expression11 in the clinical
setting. The sensitivity analysis in this study confirmed that the
Ctrough of IMA reduced gradually as fup and AGP concentration
increased (see Figure 3C,D). The previous study also
demonstrated that a higher dose of IMA was required to
reach comparable inhibition with in vivo AGP in the plasma
increasing.54 Additionally, the AGP concentration in patients
at different stages differs largely, especially in AP patients.25 In
a clinical study, it was found that the AGP level was as high as
about 2.3-fold in Europeans25 and 2.5-fold in Chinese55

compared with the control group. This could be one of the
primary causes of clinically wide Ctrough variation.
Despite the fact that IMA undergoes a minor metabolism

(above 90% oral bioavailability2) by CYP3A4/2C8, a
significant change in the Ctrough can occur when co-
administered with CYP3A4/2C8 inducers. In this study, it
has been demonstrated that Ctrough of IMA is much lower than
the efficacy threshold upon concomitant use with rifampicin or
efavirenz. Moreover, when co-administered with a strong
CYP3A4 inhibitor (such as itraconazole), IMA Ctrough was also
significantly increased (see Figure 5A and Table 4).
Low expression and activity of OCT1 have been confirmed

to be associated with suboptimal therapy.11 The further study
discovered that patients with how expression and activity of
OCT1 had markedly lower intracellular IMA concentration.56

In the clinic, patients with high OCT1 activity had a better
molecular response, while patients with low OCT1 expression
and activity needed higher IMA doses to overcome suboptimal
response.11 This is also the first study to examine the influence
of OCT1 activity and expression on intracellular unbound IMA
Ctrough and then correlate with the oral dose (see Figure 6E).
The PBPK model has also confirmed that plasma Ctrough is not
suitable as a surrogate marker of clinical efficacy for CP
patients with low OCT1 activity or expression because of the
contradiction of both sides (see Figure 6A,B). However, the
intracellular Ctrough of IMA can be a suitable surrogate marker
of clinical efficacy because of the consistency between
intracellular Ctrough of IMA and OCT1 activity/expression
(see Figure 6D). As a result, OCT1 activity and expression can
be used to guide clinical dosing adjustments and may be one of
the primary causes of clinical IMA resistance.57

4.3. Prediction Accuracy of OCT1 Uptake by the PBPK
Model. When intracellular unbound drug concentration is a
determinant of transporter uptake, it is difficult to provide an
accurate prediction because the intracellular unbound
concentration cannot be verified using the observed data.
OCT1 is primarily expressed across the basolateral membrane
of the hepatocyte,58 where plasma free drug concentration
drives IMA uptake. Therefore, this may enhance the prediction

accuracy of the PBPK model. Based on the Michaelis−Menten
kinetics, the uptake efficiency of IMA is significantly affected
by IMA free plasma concentration, OCT1 Vmax, and
expression. As a result, when OCT1 Vmax and expression are
reduced, intracellular unbound IMA also significantly reduced.
It was also proven by the PBPK model (see Figure 6C,D).
4.4. Recommendation of Dosing Adjustment by the

PBPK Model. Based on the efficacy and safety threshold of
IMA, the PBPK model suggested that 400 or 600 mg OD in
CP patients and 600 mg, even a higher dose, in AP patients
could represent an optimal dosing regimen (see Figure 4B and
Table 2). When co-administered with rifampicin or efavirenz,
the PBPK model suggested that dosing regimens of IMA may
be adjusted to 400 mg BID or 800 mg OD (or 300 mg BID).
However, given the safety of long-term administration
(resulting in the teratogenic toxicity of over daily 800 mg), it
is not suggested to co-administer with rifampicin (see Figure
5A and Table 4). This is also the first study that explores the
dosing adjustment of IMA in CP patients with liver
dysfunction. When co-administered with itraconazole, 300
mg BID for IMA could represent a suitable dosing regimen
(see Figure 5A and Table 4). The PBPK model found that the
simulated Ctrough values in CP patients with mild and moderate
differed slightly from those in CP patients with normal liver
function. As a result, dosage adjustments are not required for
mild and moderate hepatic impairment. In CP patients with
severe hepatic impairment, the PBPK model suggested 300 mg
OD as a suitable dosing regimen.
Additionally, we have also recognized that the PBPK model

still has several limitations. The main limitations are (i) that
active metabolite N-desmethyl IMA is not incorporated into
this model due to a lack of modeling parameters and (ii) that
only one Ctrough data in AP patients is reported in the paper,
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and the lack of additional Ctrough data validates the predictive
power of the PBPK model in AP patients.

5. CONCLUSIONS
Taken together, the PBPK model has been successfully
developed and can accurately predict the Ctrough in various
clinical situations. In addition, this PBPK model can provide a
dosage adjustment strategy for multiple IMA clinical uses.
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