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ARTICLE

Sorafenib Dose Recommendation in Acute Myeloid
Leukemia Based on Exposure-FLT3 Relationship

Tao Liu1, Vijay Ivaturi1,∗, Philip Sabato1, Jogarao V. S. Gobburu1, Jacqueline M. Greer2, John J. Wright3, B. Douglas Smith2,4,
Keith W. Pratz2,4 and Michelle A. Rudek on behalf of the ETCTN-6745 study team2,4,5,∗

Sorafenib administered at the approved dose continuously is not tolerated long-term in patients with acute myeloid leukemia
(AML). The purpose of this study was to optimize the dosing regimen by characterizing the sorafenib exposure-response rela-
tionship in patients with AML.A one-compartmentmodel with a transit absorption compartment and enterohepatic recirculation
described the exposure. The relationship between sorafenib exposure and target modulation of kinase targets (FMS-like tyro-
sine kinase 3 (FLT3)-ITD and extracellular signal-regulated kinase (ERK)) were described by an inhibitory maximum effect (Emax)
model. Sorafenib could inhibit FLT3-ITD activity by 100% with an IC50 of 69.3 ng/mL and ERK activity by 84% with an IC50 of
85.7 ng/mL (both adjusted for metabolite potency). Different dosing regimens utilizing 200 or 400 mg at varying frequencies
were simulated based on the exposure-response relationship. Simulations demonstrate that a 200 mg twice daily (b.i.d.) dos-
ing regimen showed similar FLT3-ITD and ERK inhibitory activity compared with 400 mg b.i.d. and is recommended in further
clinical trials in patients with AML.
Clin Transl Sci (2018) 11, 435–443; doi:10.1111/cts.12555; published online on 27 April 2018.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔ The approved sorafenib dosing regimen of 400 mg b.i.d.
in solid tumors is not well tolerated in patients with AML.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔ We simulated different dosing regimens to evaluate the
pharmacologic response in patients with AML.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔ The population PK/PD model describes the
concentration-time profile of sorafenib and the correspond-
ing responses of FLT3 and ERK activities.

HOWTHISMIGHTCHANGEDRUGCLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
✔ This research enables us to evaluate and propose a
lower dosing regimen of 200 mg b.i.d. without loss of phar-
macological activities for the purpose of minimizing toxic-
ities. This 200 mg b.i.d. dosing regimen is currently being
evaluated in patients with AML in a subsequent clinical trial.

Acute myeloid leukemia (AML) remains a challenging sub-
type of leukemia with a 5-year age-adjusted relative sur-
vival rate for patients in 2007–2011 being only 18.8% in
the United States and 19% in Europe.1,2 The National Com-
prehensive Cancer Network guidelines recommend molec-
ular characterization of several commonly mutated genes
to allow for risk-stratification and subsequent treatment
paradigms.3,4 Small molecule drugs are now emerging as
an option for patients with AML to address the unmet
clinical need, in addition to intensive chemotherapy reg-
imens (e.g., cytarabine and daunomycin) and bone mar-
row transplantation. The FMS-like tyrosine kinase 3 (FLT3)
gene is mutated in a substantial proportion of AMLs and,
as such, has been recognized as a potential target for
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the treatment of AML.5 FLT3 exerts its impact on the pro-
liferation, differentiation, and death of hematopoietic cells
through RAS pathway activation.6 FLT3 activating muta-
tions are commonly present as internal tandem duplica-
tion (ITD) mutations (FLT3-ITD) or point mutations in the
second tyrosine kinase domain (FLT3-TKD) in �25–30% or
5–10% of patients, respectively.5,7 Currently, several FLT3
inhibitors are being investigated in patients with AML.8,9 In
2017, the US Food and Drug Administration (FDA) approved
the pan-kinase/FLT3 inhibitor, midostaurin in patients with
FLT3-ITD and TKD-positive AML based on prolongation
of both event-free and overall survival in the subgroup
receiving midostaurin in combination with standard induction
chemotherapy.10



Sorafenib Dose Recommendation in AML
Liu et al.

436

Sorafenib is a multikinase inhibitor that is approved by the
FDA for the treatment of hepatocellular carcinoma, renal cell
carcinoma, and thyroid carcinoma at a dose of 400 mg orally
twice a day (b.i.d.) without food. Moreover, sorafenib has
been shown as a potent inhibitor of FLT3-ITD but resistance
emerges as FLT3-TKD point mutations.9 Although sorafenib
has not been approved by the FDA for the treatment of
AML, off-label use of sorafenib was reported in patients with
AML.11 Numerous phase I and phase II clinical trials have
been conducted to evaluate sorafenib safety and efficacy as
monotherapy or in combination with traditional antileukemic
chemotherapy in newly diagnosed and refractory or relapsed
adult AML as well as in pediatric AML.9,12–16 Overall sur-
vival benefits for the incorporation of sorafenib into combina-
tional therapies have yet to be demonstrated, possibly due to
mixed FLT3 mutations status and to a sorafenib dosing regi-
men that has not been optimized to balance tolerability with
the achievement of 85% FLT3 inhibition, which is a predic-
tor for clinical response.8,17,18 All randomized studies to date
have evaluated the use of sorafenib with chemotherapy in an
unselected AML population with or without FLT3 mutations
at the full maximum tolerate dose (MTD) dose of 400mg b.i.d.
either continuously or intermittently. However, this approved
dose has not been well tolerated in several AML clinical
trials.9,19 Only a small proportion of patients (18%) with AML
were able to adhere to the continuous 400 mg b.i.d. dosing
in comparison with lower dosing regimens (50% vs. 83%).20

There is large interindividual variability in systemic expo-
sure to sorafenib.21,22 Saturable absorption has been noted
to occur at doses over 400 mg.23 Steady-state is achieved
by 7 days.22 Sorafenib is highly protein bound with an
unbound fraction of 0.3% and a higher affinity to albu-
min than alpha 1-acid glycoprotein.24 Sorafenib is primar-
ily metabolized by cytochrome P450 (CYP)3A4 and UDP-
glucuronosyltransferase (UGT) 1A9 with the primary metabo-
lite being sorafenib N-oxide.25 Sorafenib N-oxide has been
noted to be 14.59-fold more potent than the parent drug
when assessing FLT3-ITD potency.9 Sorafenib undergoes
enterohepatic recirculation as an important disposition path-
way with sorafenib hepatocellular uptake facilitated by
organic anion-transporting polypeptide (OATP) transporters
and efflux to bile facilitated by ABC transporters after being
metabolized to its glucuronide metabolite.26–28 The pharma-
cokinetics (PK) with enterohepatic recirculation have been
quantified in humans using population PK21 and inmice using
physiologically based PK modeling.29

In traditional oncology drug development, MTD has been
based on the highest tolerable dose with the presump-
tive goal of maximizing drug exposure and, therefore, opti-
mizing clinical efficacy. However, tolerability is essential for
adherence to therapy especially if long-term administration is
anticipated. Recently, dosing selection based on exposure-
response relationship considering both efficacy and toler-
ability has drawn attention by both regulatory agency and
industry in oncology drug development.30,31 The purpose of
this research was to select the sorafenib dosing regimen in
patients with AML for further clinical trials by characterizing
the exposure-response relationship for inhibition of FLT3 by
sorafenib and its active N-oxide metabolite in patients with
AML.

METHODS
Clinical study design and correlative studies
A phase I dose escalation study was conducted in 15
adult patients with relapsed and refractory AML after an
intermittent dosing regimen given cyclically to evaluate the
safety, tolerability in preliminary fashion, and efficacy of
sorafenib in patients with AML (ClinicalTrials.gov Identi-
fier: NCT00131989).9 Protocol and the consent form were
approved by the Johns Hopkins School of Medicine Insti-
tutional Review Board. All patients gave informed consent
according to the Declaration of Helsinki.

Detailed information on clinical trial design, outcome,
and bioassay methods can be found in the clinical trial
manuscript.9

Briefly, sorafenib was administered at a dose of 400 mg
or 600 mg b.i.d. for 14 or 21 days in a 28-day cycle. Three
patients received 400 mg b.i.d. oral administration for 14
days, 9 patients received 400 mg b.i.d. for 21 days, and 3
patients received 600 mg b.i.d. for 14 days.

Serial blood samples for PKs were collected before and
at 0.25, 0.5, 1, 2, 4, 6, and 8 hours after the administra-
tion of the first dose of sorafenib. Additional blood samples
were collected before administration trough plasma concen-
tration (Cmin) on days 2, 3, 8, and 15 of continuous dosing and
before the start of cycle 2. Serial blood samples for FLT3 and
extracellular signal-regulated kinase (ERK) activity were col-
lected at baseline and before administration on days 8 and
15 of continuous dosing and before the start of cycle 2. The
total and unbound plasma concentration of sorafenib and the
total plasma concentration of the sorafenib N-oxide metabo-
lite were measured using a liquid chromatography with tan-
dem mass spectrometry method.24,32 FLT3 and its down-
stream factor ERK ex vivo activities in TF-1 cells expressing
FLT3-ITD were measured using Western blot, as previously
described.33 FLT3 and ERK activity were reported as the per-
cent change from baseline for each individual, with the indi-
vidual baseline activity set at 100% for each patient.

EXPOSURE-RESPONSE MODEL
Population PK model of sorafenib and its N-oxide
metabolite
A previously published population PK model of sorafenib in
patients with solid tumors was adopted to develop the struc-
tural model of sorafenib in patients with AML as shown in
Figure 1.21 The enterohepatic recirculation was controlled
by a time-dependent binary variable EHYN (enterohepatic as
“yes or no”) that switches on the enterohepatic recirculation
at a given time point after dose (TENT).

Unbound plasma concentrations of sorafenib (Cu) were
modeled simultaneously with total plasma concentration (Cp)
using an unbound fraction parameter (fu).

Cu = Cp · fu

A one-compartment model for the N-oxide metabolite was
added onto the parent drug model, as shown in Figure 1.
The volume of distribution of the N-oxide metabolite (V7) was
estimated, whereas the metabolism fraction for the N-oxide
metabolite was assumed to be 1 - fENT (fraction of drug from
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Figure 1 Structural pharmacokinetics model of sorafenib and its N-oxide metabolite using transit compartment and enterohepatic recir-
culation. Ka is the absorption rate constant, CL is the total clearance, fENT is the fraction of sorafenib that go through enterohepatic
circulation; CLm is the clearance of the N-oxide metabolite. Sorafenib was absorbed from the dosing compartment (Aa) to the transit
compartments (A1 to A3), then to the central compartment (A5). EHYN controlled the on and off status for sorafenib to go from the gall-
bladder (A6) back to the gastrointestinal track (A4) by a time controller TENT; K64 is the release rate constant from gallbladder back to the
gastrointestinal track; V and V7 are the apparent volume of distribution for compartment A5 and A7, respectively.

the central compartment that was hepatobiliary excreted into
a gall bladder compartment).
Although body weight was only added to the central vol-

ume of distribution of sorafenib due to statistical significance
in patients with solid tumors,21 body weight centered at 80 kg
was included on all the volumes of distribution parameters (V,
V7) with an exponent of 1, and clearance parameters (CL and
CLm) with an exponent of 0.75 following the allometric scal-
ing approach.

CL = tvCL ·
(
WT
80

)0.75

CLm = tvCLm ·
(
WT
80

)0.75

V = tvV ·
(
WT
80

)

V7 = tvV7 ·
(
WT
80

)

where tvCL is the typical value (tv) of sorafenib apparent
clearance in a patient weighing 80 kg, tvCLm is the typical
value of sorafenib N-oxide metabolite apparent clearance in
a patient weighing 80 kg, tvV is the typical value of sorafenib
apparent volume of distribution in a patient weighing 80 kg,
and tvV7 is the typical value of sorafenib N-oxide metabolite
apparent volume of distribution in a patient weighing 80 kg,
CL, CLm, V , and V7 are the individual parameters based on
the corresponding body weight (WT).
Between-subject variability (BSV) was modeled assuming

a log-normal distribution:

Pi = tvP · eηp,i

where, Pi is the individual PK parameter for patient i, tvP is
the population value of that PK parameter, and ηp,i is the cor-
responding BSV for patient i, which is assumed to follow a
normal distribution with mean 0 and variance of ω2

p. BSV was
estimated from the data in this study.

Within-subject variability (WSV) was modeled using a pro-
portional residual error model for total and unbound plasma
sorafenib concentrations as follows:

Observed SorafenibTotal Concentrationi, j = Cpi, j · (
1 + εi, j

)

Observed SorafenibUnboundConcentrationi, j

= Cui, j �
(
1 + εi, j

)

where Observed Sorafenib Total/Unbound Concentrationi,j,
Cpi, j, and Cui, j are the observed and individual concentra-
tion for patient i at time j, respectively, εi, j is the correspond-
ing proportional error term for patient i at time j, which is
assumed to follow a normal distribution withmean 0 and vari-
ance of σ 2. Due to the high consistency between sorafenib
total and unbound concentration, the same WSV was used
for both of them.
WSV was modeled using a mixed residual error model for

the total plasma concentration of the N-oxide metabolite as
follows:

Observed N − oxideMetaboliteConcentrationi, j

= Cm i, j · (
1 + εm1 i,j

) + εm2 i,j

where Observed N-oxide Metabolite Concentrationi,j and
Cm i, j are the observed and individual predicted concentra-
tions for patient i at time j, respectively, εm1 i,j is the corre-
sponding proportional error term for patient i at time j, which
is assumed to follow a normal distribution with mean 0 and
variance of σ 2

m1, and εm2 i,j is the corresponding additive error
term for patient i at time j, which is assumed to follow a nor-
mal distribution with mean 0 and variance of σ 2

m2.
Covariate analysis was performed to assess the relation-

ship between covariates of interest and the structural PK
parameters. After body weight was included as a structural
covariate on all clearance and volume parameters, clinically
relevant covariates, including demographics (age and gen-
der), concomitant medication (e.g., presence or absence of
strong CYP3A4 inducers and inhibitors), and baseline dis-
ease status (asymptomatic and symptomatic) were explored

www.cts-journal.com



Sorafenib Dose Recommendation in AML
Liu et al.

438

as potential covariates. The likelihood ratio test was used to
determine the statistical significance at P < 0.05.
The area under the curve (AUC) ratio of sorafenib and its

N-oxide metabolite (AUCm) was used to assess the change
in the formation of the N-oxide metabolite based on the for-
mation clearance and elimination clearance of the N-oxide,
where AUCm

AUC = CL·(1−fENT )
CLm .

Assessment of exposure-response relationship
In an in vitro study, the N-oxide metabolite showed 14.59-
fold higher potency on FLT3 inhibition than the parent com-
pound sorafenib.9 Therefore, the total plasma concentration
of sorafenib (Cp) and the N-oxide metabolite (Cm) were trans-
ferred to the adjusted sorafenib concentration (Cadjusted ) using
their corresponding molecular weight (MW) of 464.825 for
sorafenib and 480.825 for the N-oxide metabolite, and then
theCadjusted was used to build up the exposure-response rela-
tionship.

Cadjusted = Cp + 14.59 ×Cm ×
(

sorafenib MW
N − oxide metabolite MW

)

The reported FLT3 and ERK activity were available as the
percent change from baseline for each individual separately.
Therefore, an inhibitory maximum effect (Emax) model was
chosen to describe the relative change from baseline, in
which the baseline level for each individual was selected to
be at 100% of FLT3 or ERK activity. The maximum inhibitory
effect (Imax) for FLT3 was fixed to 100%, and the Imax for ERK
activity was estimated.

FLT3Activity% = 100% ·
(
1 − Imax,FLT3 ·Cadjusted

IC50FLT3 +Cadjusted

)

ERK Activity% = 100% ·
(
1 − Imax,ERK ·Cadjusted

IC50ERK + Cadjusted

)

The WSV was modeled using a proportional residual error
model for FLT3 and ERK separately:

Observed FLT3Activity%i, j = FLT3Activity%i, j ·
(
1 + εFLT3i, j

)

Observed ERK Activity%i, j = ERK Activity%i, j ·
(
1 + εERKi, j

)

where εFLT3i, j and εFLT3i, j are the proportional residual error
terms and assumed to follow a normal distribution with mean
0 and variance of σ 2

FLT3 and σ 2
ERK , respectively.

Model evaluation
Model evaluation was based on various goodness-of-fit indi-
cators, including comparisons based on the objective func-
tion value, visual inspection of diagnostic scatter plots, and
evaluation of estimates of population fixed and random effect
parameters.
Normalized prediction distribution errors (NPDEs)

were generated using 200 replicates of simulation for
each observation in the original data set using the final
PK/pharmacodynamic (PD) model.34 The NPDE were plotted
against time after dose (TAD) and population prediction
(PRED) to identify trends for model misspecification.

Simulation and dosing recommendation
The PD profiles at doses lower than 400 mg b.i.d. were sim-
ulated in order to address the previously mentioned issue
of tolerability in patients with AML. The 200 mg strength of
sorafenib is the only available strength on the market. There-
fore, 200 mg every other day (q.o.d.), 200 mg once daily
(q.d.), 200 mg b.i.d, and 400 mg q.d. dosing regimens were
simulated in comparisonwith 400mg b.i.d. dosing. The simu-
lation results were used to support a practical dosing regimen
in a clinical trial to evaluate the safety, tolerability, and clini-
cal outcome of sorafenib administered to patients with FLT3-
ITD-positive AML pre-allogeneic and postallogeneic trans-
plant (ClinicalTrials.gov Identifier: NCT01578109).35

Concentration-time profile of sorafenib, its N-oxide
metabolite, and the percentage of activity for FLT3 and ERK
after sorafenib administration were simulated utilizing the
five aforementioned dosing regimens in 1,000 patients. The
simulated body weight ranges from 50–80 kg following a
uniform distribution. For each dosing scenario and each
patient, the concentrations of sorafenib and its N-oxide
metabolite and the FLT3 and ERK activities were simulated
every 1 hour up to 120 hours. After the simulation, the
proportion of subjects at each dose level that consistently
achieved 50%, 60%, 70%, 80%, or 90% inhibition of FLT3
and ERK during the entire dosing interval at steady state
were calculated to construct a probability of target attain-
ment curve, in which the targets were the different inhibition
levels.

All modeling and simulation calculations were performed
using Phoenix NLME version 7 (Certara, St. Louis, MO).
The first order conditional estimation method with interaction
(FOCE-I) was utilized in the population PKmodeling process.
The PK model of sorafenib and its N-oxide metabolite was
linked to a PD model of FLT3 and ERK following a sequential
PK/PD modeling approach.28,29

RESULTS
Patient characteristics
Fifteen patients with relapsed or refractory AML from the
previously conducted phase I dose escalation study were
included. The patients’ demographics and baseline char-
acteristics are summarized in Table 1. One hundred forty-
one total sorafenib plasma concentrations, 136 unbound
sorafenib concentrations, and 100 total N-oxide concentra-
tions were obtained from all 15 patients. All the concentration
data were used in the population PK analysis of sorafenib and
its N-oxide metabolite. Thirty-five FLT3-ITD activities and 36
ERK activities were measured in 11 patients. Only 8 patients
were receiving voriconazole, a strong CYP3A4 inhibitor, as
therapy for fungal pneumonia. Patients did not receive other
strong inducers or inhibitors of CYP3A4 concomitantly.

EXPOSURE RESPONSE MODEL
Population PK model of sorafenib and its
N-oxide metabolite
A one-compartmentmodel with transit absorptionmodel and
enterohepatic recirculation (Figure 1) that was adopted from
the solid tumor patient study successfully described the PK
profile of sorafenib in patients with AML.21 The PK profile of

Clinical and Translational Science
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Table 1 Demographics and baseline characteristics (n = 15)

Variables

Age, years

Median (range) 58 (37–74)

Mean (SD) 58.4 (11.3)

BSA, m2

Median (range) 1.85 (1.56–2.26)

Mean (SD) 1.88 (0.224)

BMI

Median (range) 26.5 (18.5–36.3)

Mean (SD) 26.7 (4.88)

Weight, kg

Median (range) 74.6 (52.2–97.7)

Mean (SD) 75.9 (15.3)

Baseline performance status

Asymptomatic:symptomatic 8:7

Gender

Male:female 8:7

Voriconazole

Yes:no 8:7

BMI, body mass index; BSA, body surface area.

sorafenib in patients with AML was similar to that for patients
with solid tumors.
The fu of sorafenib was utilized to describe the rela-

tionship between total and unbound plasma concentrations
and suggested that the plasma protein binding was con-
centration independent within the observed concentration
range, as previously demonstrated.24 Due to the high con-
sistency between unbound and total plasma concentration
of sorafenib, their WSV cannot be distinguished and, there-
fore, was modeled using the same proportional residual error
model.
Based on the covariate analysis, voriconazole was the

only covariate that showed a clear impact on the forma-
tion of the N-oxide metabolite. As shown in Figure 2, about
68.3% less of the N-oxide metabolite was formed after co-
administration of voriconazole. However, voriconazole was
not included in the final PKmodel for diverse reasons, includ-
ing small sample size, instability in model estimation, and
known lack of impact of other strong CYP3A4 inhibitors on
sorafenib exposure.25 None of the other tested covariates,
gender and age, were incorporated in the final model.
NPDE vs. PRED and TAD for unbound and total concen-

tration of sorafenib as well as the total concentration of the
N-oxide metabolite are shown in Figure 3. The figure sug-
gests minimal bias and trends in the structural model (NPDE
vs. TAD) and error model (NPDE vs. PRED).

Assessment of exposure-response relationship
The inhibitory Emax models adequately described the
exposure-response relationship between the adjusted
sorafenib concentration and FLT3 and ERK activity sepa-
rately. The Imax of sorafenib on FLT3 was fixed to 100%,
as sorafenib showed a strong inhibitory capacity on FLT3
activity, with an IC50 of 69.3ng/mL (Cadjusted ). The Imax of
ERK was estimated to be 84%, with an IC50 of 85.7ng/mL
(Cadjusted ). As seen in Figure 4, the population model pre-

dictions capture the general trend of observations for both
FLT3 and ERK activities, respectively. The final parameter
estimates with bootstrap results for the PK/PD model are
presented in Table 2. No BSV was able to be estimated on
PD parameters.

Simulation and dosing recommendation
The proportions of subjects who consistently achieved a cer-
tain level of inhibition during the entire dosing interval at
steady state are presented in Figure 5 for FLT3 and ERK sep-
arately. The 400 mg b.i.d., 400 mg q.d., and 200 mg b.i.d.
dosing regimens showed similar magnitudes of inhibition of
both FLT3 and ERK activities. A fractionated dose of 200 mg
b.i.d. yielded results similar to 400 mg q.d. with respect to
the proportion of subjects achieving 80%FLT3 inhibition, and
resulted in �10% higher proportion patients achieving with
80% ERK inhibition. The 200 mg q.d. and 200 mg q.o.d. dos-
ing regimens showed a smaller proportion of patients who
had >80% inhibition on FLT3 and >80% inhibition of ERK.

DISCUSSION

The use of an exposure-response relationship to inform the
selection of optimal dosing regimen in oncology drug devel-
opment and regulatory approval from 2010 to 2015 has
resulted in a decreased use of MTD-based (toxicity-driven)
dosing strategies.36 To optimize dose selection of sorafenib
in AML clinical trials, we applied the exposure-response rela-
tionship of sorafenib identified in the initial phase I study
based on the magnitude of FLT3-ITD and ERK activity,
which are surrogate markers of the overall efficacy in this
population.5 According to our simulation results, a dosing
regimen of 200 mg b.i.d. is a safe and efficacious choice
for ongoing and future trials in patients with AML (Clini-
calTrials.gov Identifier: NCT01578109). Nonetheless, in the
absence of therapeutic drug monitoring combined with large
interindividual variability in sorafenib exposure,21,22 it may be
prudent to titrate the dose to an individual patient’s level of
tolerability, after starting at a 200 mg b.i.d. dose. This recom-
mendation is a culmination of the totality of our assessment
combined with the following: (i) Boudou-Rouquette et al.37

have observed a decrease in sorafenib exposure over a pro-
longed time; (ii) Hornecker et al.23 have recommended frac-
tionated dosing to overcome saturable absorption; and (iii)
Gomberg-Maitland et al.38 recommended a dose of 200 mg
b.i.d. be further studied in patients with pulmonary arte-
rial hypertension due to intolerability at higher doses over a
4-month period.
Compared with the previously published sorafenib PK

model in patients with solid tumors,21 a limited number of
patients were included in this phase I clinical trial and a
small number of samples were collected mainly after the first
dose.9 Therefore, the previously published population PK
model was adopted, and allometric scaling was implemented
to improve the model reliability and stability, even though it
was not included previously. The BSV in the PK parameters
and WSV were high due to both the limited sample size and
the known variability in sorafenib PK.21 However, BSV was
similar and WSV was lower compared with that reported by
Jain et al.21 Sorafenib undergoes enterohepatic recirculation

www.cts-journal.com
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Figure 2 Normalized prediction distribution errors. Top panel (left to right) represents sorafenib total concentration, sorafenib unbound
concentration, and total N-oxide metabolite concentration vs. time after dose, and the bottom panel, in the same order, vs. the corre-
sponding population prediction.

Figure 3 Model predicted effect of co-administration of voricona-
zole on the AUC ratio of N-oxide metabolite and sorafenib at
steady state. AUC, area under the sorafenib concentration time
curve; AUCm, area under the curve of sorafenib N-oxide metabo-
lite concentration time curve.

in patients with AML, supported by both preclinical studies
and physiologically based PK modeling of sorafenib in mice,
which we imputed in our model.29

In this study, we found that �68.3% less of the N-
oxide metabolite was formed after co-administration of
voriconazole, another strong CYP3A4 inhibitor, as seen in
Figure 2. However, we chose not to include voriconazole
as a predictor on the formation clearance of the N-oxide
metabolite due to several reasons. First, given the small
sample size we could not make a conclusive inference as
the SEs of the covariate effect were large and the model was
highly unstable. Second, it is well known from literature that
ketoconazole, a strong CYP3A4 inhibitor, can substantially
inhibit the formation of sorafenib N-oxide metabolite by
almost 100%, although it has limited impact on sorafenib PK
profile.25 This suggests that the CYP3A4 pathway is a minor
metabolic pathway in sorafenib metabolism and accounts
for a limited portion of the total clearance of sorafenib. We
observed no change in sorafenib exposure in the presence
of voriconazole, although N-oxide metabolite was inhib-
ited. Moreover, no dosage adjustment is recommended
in the sorafenib drug label (https://www.accessdata.fd-
a.gov/drugsatfda_docs/label/2010/021923s008s009lbl.pdf).
Last, as the exposures of the parent and the metabolite
in this exposure-response model are driven by the post
hoc estimates of the model, these estimates would not
be impacted in the presence or absence of voriconazole
as a covariate. The addition of the covariate would only
help reduce the variability of the population PK parameters.
Thus, we were confident that there is no impact on the dose
selection based on the exposure-response in the study.
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Figure 4 Observed and model predicted FMS-related tyrosine kinase 3 (FLT3) and extracellular signal-regulated kinase (ERK) percent
activity vs. the adjusted sorafenib plasma concentration. The solid circles represent the observed FLT3 and ERK activities and the black
line represent the model predicted FLT3 and ERK activities.

Table 2 Final population pharmacokinetic/pharmacodynamic parameter FOCE-I estimate and 95% confidence interval with median estimates and 95% percentile
interval from 1,000 bootstraps

FOCE-I Bootstrap

PK/PD parameter Estimate 95% confidence interval BSV Median 95% percentile interval BSV

Ka 1/h 3.75 (2.49–5.00) 63.40% 3.78 (2.63–5.17) 61.80%

V L 171 (107–234) 74.40% 167 (127–247) 73.60%

V7 L 89.80 (31.90–148) 122% 94.50 (46.80–213) 115%

CL L/h 14.10 (9.02–19.10) 55.00% 14.20 (10.0–20.90) 67.20%

fENT 50.20% (48.40–52.0%) 50.20% (50.20–50.20%)

K64 1/h 0.173 (0.080–0.266) 0.17 (0.096–4.58)

TENT h 5.48 (3.90–7.05) 5.47 (3.00–7.22)

fu 1.81% (2.57–1.28%) 1.26% 1.85% (2.53–1.27%) 1.22%

CLm L/h 116 (20.50–212) 117% 123 (79.80–179) 117%

Proportional errorsorafenib 47.60% (38.90–56.20%) 47.50% (39.80–57.30%)

Proportional errorN-oxide 42.40% (35.00–49.90%) 41.70% (33.50–49.00%)

Additive errorN-oxide ng/mL 1.06 (0.28–1.85) 1.08 (0.62–1.27)

IC50FLT3 ng/mL 69.30 (18.30–120) 87.60 (35.80–150)

IC50ERK ng/mL 85.70 (25.60–146) 109 (16.30–150)

Imax,ERK 0.84 (0.80–0.88) 0.82 (0.80–0.87)

Proportional errorFLT3 87.90% (66.60–109%) 81.20% (43.20–106%)

Proportional errorERK 39.40% (24.30–54.50%) 42.90% (26.10–51.10%)

BSV, body surface area; CL, total clearance; CLm, is the clearance of the N-oxide metabolite; fENT , the fraction of sorafenib that goes through enterohepatic
circulation; FOCE-I, first order conditional estimation method with interaction; fu, the %fraction of unbound sorafenib; IC50FLT3 and IC50ERK , represent the
adjusted sorafenib concentrations required to produce 50% of maximum inhibition of FLT3 or ERK, respectively; K64, the release rate constant from gallbladder
back to the gastrointestinal track; Ka, the absorption rate constant; PK/PD, pharmacokinetic/pharmacodynamic; V and V7, the apparent volume of distribution
for compartment A5 and A7, respectively; TENT , the time controller.

However, the intricacies of this drug-drug interaction need
to be explored further given the relevance of the N-oxide
metabolite’s contribution to FLT3 activity.9

Because of their prevalence, their association with poor
overall survival, and the ability to detect and quantitate their
presence even in the minimal residual disease state, FLT3
mutations as targets for AML therapy have drawn atten-
tion from industry and clinical practitioners.5,6,39 Because
the quantitative relationship between FLT3 activity and clin-
ical outcome (i.e., overall survival and objective response
rate) has been establised,8,17,18 it is appropriate to utlilize the
degree of target inhibition from early clinical trials as a sur-
rogate marker to support dosing selection. Sorafenib and
its N-oxide metabolite showed a concentration-dependent
inhibitory effect on both FLT3 and ERK activities.9 With the

doses given in this study, although FLT3-ITD activity was fully
inhibited by sorafenib, ERK activity could not be completely
inhibited due to multiple pathways that can upregulate the
ERK activity in cancer cells.40,41

Midostaurin received approval from the FDA for newly-
diagnosed FLT3-mutated AML utilizing a dosing regimen that
was associated with an average of 57.5% FLT3 inhibitory
activity in the intensively treated adults with FLT3-ITD pos-
itive AML.42 Noting the poor tolerability of higher dosed
sorafenib (i.e., 400 mg b.i.d.) and the fourfold higher in
vitro sorafenib FLT3-ITD inhibitory activity of sorafenib com-
pared with midostaurin,43 it is possible that lower dosing (i.e.,
200 mg b.i.d.) and lower exposure may still result in similar
clinical efficacy as midostaurin and provide a better safety
profile.
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Figure 5 Proportion of subjects in FMS-related tyrosine kinase 3 (FLT3) and extracellular signal-regulated kinase (ERK) inhibition after
oral administration of 200 mg every other day (q.o.d.), 200 mg daily (q.d.), 200 mg twice a day (b.i.d.), 400 mg q.d., and 400 mg b.i.d.

The dose-limiting toxicity rate of �20% (2/9 patients)
in our original clinical trial suggests an important tolera-
bility issue at 400 mg b.i.d. regimen.9 Due to the small
number of patients with dose-limiting toxicities reported
in our original clinical trial,9 we were unable to perform
an exposure-toxicity assessment. However, in accordance
with previously reported clinical trials in patients with AML,
a lower dose of sorafenib is associated with enhanced
tolerability.19,20 Recently, another observational study has
shown that sorafenib-related adverse events were associ-
ated with a relatively higher exposure of the N-oxide metabo-
lite after 400 mg b.i.d. dosing.44 Therefore, a decreased fre-
quency and/or severity of adverse events may be expected
in patients with AML with a lower dosing regimen, such as
the proposed dose of 200 mg b.i.d.
Considering the simulated FLT3 and ERK activities across

the spectrum of dosing regimens, sorafenib 200 mg b.i.d.
is considered to be a practical choice for initiation of ther-
apy and is recommended as the starting dose for ongoing
and future clinical trials designed to evaluate the clinical effi-
cacy and tolerability in AML. The dose may be titrated up to
400 mg b.i.d. if the drug is being well-tolerated and titrated
down as low as 200 mg q.o.d. if 200 mg b.i.d. is not tolerated
well.
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