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Effect of autoinduction and food on the pharmacokinetics of
furmonertinib and its active metabolite characterized by a
population pharmacokinetic model
Hui-xi Zou1, Yu-feng Zhang1, Da-fang Zhong2, Yong Jiang3, Fei Liu3, Qian-yu Zhao3, Zhong Zuo1, Yi-fan Zhang2 and Xiao-yu Yan1

Furmonertinib (AST2818) is a novel third-generation irreversible EGFR TKI and recently has been approved in China for the
treatment of non-small cell lung cancer (NSCLC) with EGFR-sensitizing and T790M resistance mutations. In the current study,
we developed a semi-mechanistic population pharmacokinetic model to characterize the nonstationary pharmacokinetics (PK)
of the furmonertinib and its active metabolite AST5902 simultaneously. The PK data of furmonertinib and AST5902 were
obtained from 38 NSCLC patients and 16 healthy volunteers receiving 20–240 mg furmonertinib in three clinical trials. A
nonlinear mixed-effects modeling approach was used to describe the PK data. The absorption process of furmonertinib was
described by a transit compartment model. The disposition of both furmonertinib and AST5902 was described by a two-
compartment model. An indirect response model accounted for the autoinduction of furmonertinib metabolism mediated by
CYP3A4. The model-based simulation suggested that furmonertinib clearance was increased in one cycle of treatment (orally
once daily for 21 days) compared to baseline, ranging from 1.1 to 1.8 fold corresponding to the dose range of 20–240 mg. The
concentration of furmonertinib was decreased over time whereas that of AST5902 was increased. Interestingly, the
concentration of the total active compounds (furmonertinib and AST5902) appeared to be stable. The food intake, serum
alkaline phosphatase and body weight were identified as statistically significant covariates. The mechanism of food effect on
PK was investigated, where the food intake might increase the bioavailability of furmonertinib via increasing the splanchnic
blood flow. Overall, a population PK model was successfully developed to characterize the nonstationary PK of furmonertinib
and AST5902 simultaneously. The concentrations of total active compounds were less affected by the autoinduction of
furmonertinib metabolism.
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INTRODUCTION
Non-small cell lung cancer (NSCLC) accounts for ~75%–85% of all
types of lung cancer [1, 2]. Epidermal growth factor receptor
(EGFR) is one of several somatic mutations in NSCLC [3, 4]. The
first- and second-generation EGFR tyrosine kinase inhibitors (TKIs)
have been recommended as the first-line therapy for NSCLC
patients with EGFR mutation [5–9]. Unfortunately, previous studies
have found that patients who have a good initial response may
ultimately show resistance to the treatment [10–12]. The most
common resistance mechanism is driven by the acquisition of a
T790M EGFR TKI resistance mutation (50%) [13, 14], based on
which the third-generation EGFR-TKIs were developed to target
both EGFR-sensitizing and T790M resistance mutations [15].
Osimertinib is one of the third-generation EGFR-TKIs and has
been approved for NSCLC patients who have progressed
disease on or after prior EGFR TKI therapy [16].
Furmonertinib (AST2818) is a novel third-generation irreversible

EGFR TKI and recently received approval by the National Medical

Products Administration (NMPA) of China for the treatment of
NSCLC with EGFR-sensitizing and T790M resistance mutations [17–19].
Previous clinical studies demonstrated that furmonertinib was well
tolerated and exhibited clinical efficacy in EGFR T790M-positive
NSCLC patients, who had progressed following first-generation or
second-generation EGFR-TKIs treatment [17, 18]. At present, an
ongoing phase III clinical trial of furmonertinib (FLAG,
NCT03787992) is conducted in locally advanced or metastatic
NSCLC patients to assess the efficacy and safety as the first-line
treatment.
Furmonertinib is predominantly metabolized by CYP3A4 to form a

pharmacologically active metabolite AST5902, which has a similar
antitumor activity to furmonertinib [17–20]. This metabolite has been
identified as the major metabolite of furmonertinib and has a
comparable exposure to that of furmonertinib in patients treated
with multiple oral doses of furmonertinib [18]. Since furmonertinib is
a potent CYP3A4 inducer, its administrations may result in the
nonstationary PK of furmonertinib and AST5902 in patients [19].
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This study aimed to develop a semi-mechanistic pharmacoki-
netic model to characterize the nonstationary PK of furmonertinib
and its active metabolite AST5902 simultaneously. The PK data of
furmonertinib and AST5902 were obtained from NSCLC patients
(n= 38) and healthy volunteers (n= 16) given 20–240mg
furmonertinib in three clinical trials [18, 20]. An indirect response
model was used to describe the autoinduction of furmonertinib
metabolism. The impact of food effect on the PK of furmonertinib
and the AST5902 is complex [20], where the exposure of
furmonertinib increased within food intake whereas that of active
metabolite AST5902 decreased. Thus, the influences of food intake
on the PK of furmonertinib and its active metabolite AST5902
were investigated. Also, the effects of the demographic character-
istics on drug exposure were assessed and quantified.

MATERIALS AND METHODS
All studies were conducted in China following the Good Clinical
Practice guidelines and the principles of the Declaration of
Helsinki. The protocol, amendments, and informed consent were
approved by the independent ethics committee at each
participating site [18, 20]. Written informed consent was obtained
from all subjects before screening in each study.

Study population
Study 001 (dose-escalation, NCT02973763) and Study 002 (dose-
expansion, NCT03127449) were open-label, single-arm and multi-
center studies as described by us before [18]. Briefly, Study 001
was a phase I study in NSCLC patients with EGFR T790M mutation.
These patients had disease progression on previous therapy with
first-generation or second-generation EGFR-TKIs treatment. Study
002 was a phase I/II study in a similar patient population as Study
001. Study 004 (food-effect study, NCT03926182) was an open-
label, cross-over, two-period, randomized and sequential study to
investigate the food effect on the PK of furmonertinib [20]. In
Study 004, participants included healthy men with 18–55 years of
age who had a body mass index (BMI) between 19 and 26 kg/m2

and weight between 50 and 80 kg.

Study design
Study 001 was designed to evaluate the safety and tolerability of
furmonertinib in NSCLC patients. The following doses were
assessed in five cohorts: 20, 40, 80, 160 and 240mg [18]. Each
cohort consisted of a single-dose period (7 d) followed by a
multiple-dose period (once daily, 21 d per cycle). To obtain the full
PK profile, blood samples were collected at predose, 0.5, 1, 1.5, 2,

3, 4, 6, 8, 10, 12, 24, 48, and 72 h after the first or the multiple-dose
treatment (on cycle 2 day 1, steady state). Additional predose
blood samples were collected on cycle 1 day 1, 8, and 15. Based
on the results of Study 001, three doses (80, 160, and 240 mg)
were selected in Study 002 for further evaluation [18]. In Study
002, each dose group included 8 patients receiving oral
administration of furmonertinib (once daily, 21 d per cycle). Same
as Study 001, blood samples after the first and the multiple-dose
treatment (on cycle 2 day 1, steady state) were collected to obtain
the full PK profile at predose, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, and 24
h. Additional predose blood samples were collected as well.
Patients in Study 001 and Study 002 all received the furmonertinib
administration under fasting conditions.
Study 004 is a crossover study to assess the food effect on the

PK of furmonertinib in 16 healthy male subjects [20]. All subjects
received a single oral dose of 80 mg furmonertinib after an
overnight fast of at least 10 h, or immediately after ingestion of a
high-fat, high-calorie breakfast. These treatments were separated
by a period of 22 days. Blood samples for PK analysis were
collected at predose, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, 48, 72, 120, 168,
216, 336, and 504 h after dosing.
All the collected plasma samples were subjected to analyses of

furmonertinib and AST5902 by liquid chromatography-tandem
mass spectrometry (LC/MS/MS) to characterize their PK profiles as
we described before [21]. The lower limits of quantification (LLOQ)
of furmonertinib and AST5902 were 0.20 and 0.050 ng/mL,
respectively.

Model development and evaluation
Structural model building. The structural PK model for furmoner-
tinib and its active metabolite AST5902 after oral administration is
presented in Fig. 1. The absorption of furmonertinib after oral
administration was described by a transit compartment model. As
demonstrated in Fig. 1, the drug entered from the depot
compartment and into the central compartment via two transit
compartments. The absorption and the transfer rate were
quantified by ka. The disposition of furmonertinib was described
by a two-compartment model. Due to the lack of PK data after
intravenous administration to estimate the bioavailability of
furmonertinib (F), the model of furmonertinib was parameterized
in terms of apparent clearance (CL/F), apparent volume of
distribution of the central (Vc/F) and peripheral (Vp/F) compart-
ment, and apparent intercompartment clearance (Q/F).
To describe the PK of AST5902, furmonertinib was assumed to

be eliminated through the central compartment, in which a
fraction (Fm) of furmonertinib was metabolized to AST5902. Due to

Fig. 1 Schematic of the PK model of furmonertinib (AST2818) and AST5902. The PK of the parent compound furmonertinib was described
by a two-compartment model with a transit compartment absorption chain. The disposition of the active metabolite AST5902 was described
by a two-compartment model with first-order elimination. An indirect response model and an enzyme compartment are used to describe the
autoinduction on furmonertinib metabolism.
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the lack of intravenous PK data of furmonertinib and AST5902, it
was not possible to simultaneously estimate the actual value of the
fraction of conversion to AST5902 and the volume of distribution
of the AST5902 [22]. Thus, the apparent clearance [Clm/(F ∙ Fm)]
and apparent volume of distribution of the central compartment
[Vcm/(F ∙ Fm)] of AST5902 were estimated. AST5902 in the central
compartments can distribute to the peripheral compartment via
distribution rate constants k67 and k76. The differential equations
for the PK model (Fig. 1) are expressed as follows:

dA1

dt
¼ �ka � A1 (1)

dA2

dt
¼ ka � A1 � Ka � A2 (2)

dA3

dt
¼ Ka � A2 � Ka � A3 (3)

dA4

dt
¼ Ka � A3 � CL

Vc
� A4 � Q

Vc
� A4 þ Q

Vp
� A5 (4)

dA5

dt
¼ Q

Vc
� A4 � Q

Vp
� A5 (5)

dA6

dt
¼ CL

Vc
� A4 � Fm� Clm

Vcm
� A6 � K67 � A6 þ K76 � A7 (6)

dA7

dt
¼ K67 � A6 � K76 � A7 (7)

The initial values of A1 was set to (Dose ∙ F), and the initial values
of A2 to A7 were all set to zero. A1, A4, and A5 represent the
amounts of furmonertinib in the depot, central, and peripheral
compartment, respectively; A2 and A3 represent the furmonertinib
amounts in the absorption transit compartments; A6 and A7
represent the amounts of AST5902 in the central and peripheral
compartments, respectively.
The inter-occasion variability (IOV) was modeled on furmonerti-

nib clearance to identify the nonstationary PK according to the
following equation (Eqs. 8 and 9) [23]:

κij ¼ κ0 � 1� OCCð Þ þ κ1 � OCC (8)

CLij=F ¼ CLTV=F � exp κij þ ηiðCL=FÞ
h i

(9)

where κij is the IOV on the furmonertinib clearance, normally
distributed with a mean of 0 and a variance of ω2

(IOV). OCC is the
occasion number, which equals 0 for the occasion after the single-
dose treatment or the first dosing and 1 for the occasion after
multiple-dose treatment. CLij/F is the predicted furmonertinib
clearance for individual i on occasion j; CLTV/F is the typical value
for furmonertinib clearance. ηi(CL/F) is an inter-individual variability,
normally distributed with a mean of 0 and a variance of ω2

(CL/F).
Then, a mechanistic indirect response (IDR) model III replaced

the IOV to describe the nonstationary PK due to the autoinduction
effect [24–31]. Furmonertinib plasma concentrations drive the
enzyme amount increase, which in turn affects the clearance of the
furmonertinib. The apparent clearance of furmonertinib (CL/F) was
assumed to be proportional to the enzyme amount, which is
expressed as the following equation (Eq. 10):

CL=F ¼ CLbase=F � AENZ (10)

where CLbase/F represents baseline clearance and AENZ represents
the fold change of the enzyme amount with an initial condition

AENZ(0)= 1. The rate of change of the enzyme amount was
described as the follows (Eq. 11):

dAENZ

dt
¼ kENZ � 1þ S � A4

Vc

� �
� kENZ � AENZ (11)

where the parameter kENZ represents the first-order rate constant
for enzyme pool degradation. The zero-order production rate of
the enzyme was set to [kENZ ∙ AENZ(0)]. S is the slope parameter
describing the relationship between drug concentration and the
enzyme formation rate.

Stochastic model building. The inter-individual variability (IIV) for
structural parameters was modeled using an exponential error
model as follows (Eq. 12):

Pi ¼ PTV � exp ηið Þ (12)

where Pi represents the predicted value of the parameter for
individual i, PTV represents the typical value of the parameter, and
ηi represents normally distributed random variable with a mean of
0 and variance of ω2.
The residual variability in furmonertinib and AST5902 was

added separately. Different residual error model was explored,
including an additive error model with log-transformed data and a
combined error (proportional plus additive) model with the
untransformed data [32]. Eventually, an additive model of residual
error was applied to log-transformed data and described as Eq. 13
[33]:

InY ij ¼ InCij þ εij (13)

where Yij represents the observed PK value of individual i at time
tj, Cij represents the individual prediction, and εij is a zero-mean
normally distributed random variable with a variance of δ2.

Covariate model building. The base model with autoinduction
(Fig. 1) was used as a starting point for covariate modeling. The
evaluated covariates included age, gender, body weight, height,
BMI, dose level, food status, hepatic dysfunction, alanine
transaminase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), total bilirubin (TBIL), creatinine clearance
(CrCl), population (NSCLC patients and healthy volunteer).
Table 1 shows the summary of subjects’ characteristics at
baseline.
Covariate relationships were included multiplicatively as

power models centered at the median values for continuous
covariates or as conditional effects relative to the most common
category for categorical covariates. The equations are shown
below (Eqs. 14 and 15):

Pi ¼ PTV � X ij

M X j
� �

 !θ

i

(14)

Pi ¼ PTV � 1þ θið ÞX ij (15)

where Xij the covariate of patient i for parameter P, θi a
coefficient that reflects the covariate’s effect on the parameter,
and M(Xj) the median of covariate Xj for the population. The
food effect was included in the base model as a categorical
covariate according to the results of the noncompartmental
analysis (NCA) of the food effect study [20]. Its effect on
absolute oral bioavailability (F) of furmonertinib and the fraction
of conversion to AST5902 (Fm) was evaluated.
To facilitate the process of covariates search, the generalized

additive model (GAM) analysis was used to screen the covariates
[34]. Then, covariates selected by the GAM procedure were screened
by stepwise forward addition followed by backward elimination
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method using the stepwise covariate modeling (SCM) tool in Perl
Speaks-NONMEM (PsN) [35]. Significance levels of 0.05 and 0.001
were used for the forward addition and the backward elimination.

Model evaluation. Model selection and evaluation were based on
the objective function value (OFV), visual inspection of graphical
diagnostics and parameter precision.
The diagnostic plots included: observed concentration vs.

population predicted concentration and individual predicted
concentration, conditional weighted residual (CWRES) vs. popula-
tion predicted concentration and CWRES vs. time. The final model
was also evaluated using prediction-corrected visual predictive
checks (pcVPC) [36]. Five hundred data sets were simulated by
NONMEM, using the parameters estimated in the final model. A
bootstrap with 500 replicates was performed in PsN on the final
model to generate non-parametric 95% confidence intervals (CIs)
for all parameters [37].

Model-based simulation. The PK and the time-dependent clearance
were simulated to evaluate the influence of autoinduction on the
nonstationary PK. The clinical trial simulation was performed using
the estimated parameters from the final model. All the simulation
follows the protocol of once-daily furmonertinib treatment for
21 days (1 cycle). The relative increase in furmonertinib clearance was
calculated by [(CL/F)/(CLbase/F)] according to Eqs. 10 and 11. The PK
profiles of furmonertinib and AST5902 were simulated. Since both
furmonertinib and AST5902 are active components, the total
concentration (nmol/mL) of these two analytes was calculated and
served as the concentration of the total active compounds.

Software. Population PK and simulations were performed using
nonlinear mixed-effects modeling methods by NONMEM (version
7.3, ICON plc, Hanover, MD, USA), compiled with GFortran
FORTRAN Compiler version 4.7.3 (Gnu Compiler Collection [GCC])

Table 1. Demographics and covariates for subjects included in the analysis.

Number of patients by study and dose

Study Dose (mg), number of subjects (%) Total number of
subjects (%)

20 (n= 2) 40 (n= 3) 80 (n= 27) 160 (n= 11) 240 (n= 11)

Study 001 (dose escalation) 2 (100) 3 (100) 3 (11.1) 3 (27.3) 3 (27.3) 14 (25.9)

Study 002 (dose expansion) 0 (0.0) 0 (0.0) 8 (29.6) 8 (72.7) 8 (72.7) 24 (44.4)

Study 004 (food effect study) 0 (0.0) 0 (0.0) 16 (59.3) 0 (0.0) 0 (0.0) 16 (29.6)

Baseline demographic data
Continuous variables (units)

n Mean SD Median Minimum Maximum

ALT (U/L) 54 21.3 11.4 19.2 7.1 67

AST (U/L) 54 22 9.2 20 9.5 54

ALP (U/L) 54 88.1 44.3 77.2 49.8 343

TBIL (μmol/L) 54 11.9 4.6 11.4 5 23.6

CrCl (mL/min) 54 101.7 25.9 98.2 62.4 174.2

Age (year) 54 48 13.9 51.5 21 68

Body weight (kg) 54 66.5 10.4 65 48 111

BMI (kg/m2) 54 24 3 23.9 19.4 37.1

Height (cm) 54 166.1 7.8 167 147 180

Baseline demographic data
Categorical variables

Category n (%)

Sex Female 23 42.6

Male 31 57.4

Dose level 20mg 2 3.7

40mg 3 5.6

80mg 27 50

160mg 11 20.4

240mg 11 20.4

Hepatic dysfunction Normal 48 88.9

Mild dysfunction 6 11.1

Population Heathy volunteer 16 29.6

NSCLC patients 38 71.4

Food statusa Fasting 54 85.2

Fed 16 14.8

ALT alanine transaminase, AST aspartate aminotransferase, n number of patients, ALP alkaline phosphatase, TBIL total bilirubin, CrCl creatinine clearance, BMI
body mass index, SD standard deviation.
aA total of 16 subjects participated in both fed and fasted groups (crossover study) and therefore the total number of subjects exceeds 54.
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in a Windows 10 operating system. For population PK analysis, a
first-order conditional estimation with the interaction method was
used. The use of NONMEM was facilitated with PsN (version 4.9.0,
https://uupharmacometrics.github.io/PsN/). Diagnostic graphics,
post-processing of the data and NONMEM outputs were
performed using the R (version 3.6.1, the R Project for Statistical
Computing, https://www.r-project.org/) [38].

RESULTS
Pharmacokinetic database description
In total, 1450 and 1463 plasma concentrations of furmonertinib
and AST5902, respectively, collected from 38 NSCLC patients and
16 healthy subjects, were included in the analysis. Among the 38
patients and 16 healthy subjects, 23 (42.6%) were women and 31
(57.4%) were men, with a mean age of 52 years (range: 21–68
years). The detailed demographic characteristics were shown in
Table 1.

Structural model identification
To capture the peak concentration of furmonertinib, the transit
compartment models were used to describe the absorption of
furmonertinib. With two transit compartments in the model
structures, the goodness of model fitting was significantly
improved in comparison with the model with one absorption
compartment. More transit compartments in the model were also
tested while did not further improve the model fittings.
To describe the nonstationary PK due to the autoinduction, IOV

was modeled on furmonertinib clearance, which significantly
reduced the OFV by 653.4 from −2353.7 to −3007.1 (correspond-
ing to P < 0.001, and the parameter estimates of the IOV model

were not shown). Fig. 2 shows that the clearance increased after
multiple-dose treatment, and such increase appeared to correlate
with dose levels, indicating the presence of self-induction on
drug elimination. Then, the mechanistic IDR model III was
incorporated to describe the nonstationary PK due to the
autoinduction of furmonertinib metabolism. The model with the
IDR model III led to a decrease in OFV by 785.9 from −2353.7
to −3139.6 (corresponding to P < 0.001).

Covariate model
The GAM analysis identified the following covariate effects:
population, ALP and CrCL on CL/F; TBIL, ALP and body weight
on Vc/F; ALT, height, body weight and BMI on ka; gender, ALP,
TBIL and body weight on CLm/(F ∙ Fm); ALP and TBIL on Vcm/(F ∙
Fm). These covariates were further screened using the SCM,
where ALP and body weight were identified as significant
covariates. The relationships between covariates and clearance
were presented in Fig. 3, where the baseline clearance vs. ALP
level and body weight were plotted, respectively. It appeared
that both the clearance of furmonertinib and AST5902
decreased with the increasing ALP level. Thus, the covariate
impacts including food intake, ALP and body weight were
incorporated into the final model.

Final model
The parameter estimates of the final model were provided in
Table 2. All parameters were estimated with adequate precision,
as shown by the relative standard errors being within 40%.
Shrinkage of IIV on CL/F, Vc/F, ka, CLm/(F ∙ Fm) and Vcm/(F ∙ Fm)
were all small (≤15%). The results of the bootstrap analysis were
also presented in Table 2. As shown, the parameters were

Fig. 2 Estimated furmonertinib apparent clearance on the occasions after the first administration (or the single-dose treatment, left) and
multiple-dose administration (right). Blue color circle represents the median. The increase is significant in the dose group 160 and 240mg
(P < 0.05, paired t test).

Fig. 3 Estimated apparent clearance versus the covariates. Individual baseline clearance of furmonertinib and AST5902 were plotted versus
the ALP level and body weight, respectively.
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estimated with good precision and the medians estimated by
the bootstrap analysis were consistent with the original
parameter estimates.

Model evaluation
The goodness-of-fit diagnostic plots of the final model were
shown in Fig. 4. There was no obvious bias in the model fitting.
The pcVPC results shown in Fig. 5 suggested that the model
adequately described the nonstationary PK of both the parent and
the metabolite. The general trend and the observed variability
were well captured, after the first dose (Fig. 5a) and multiple-dose
treatment (Fig. 5b).

Model-based simulation
The relative increase in furmonertinib apparent clearance (CL/F)
was shown in Fig. 6a for dose groups from 20 to 240 mg. The
model-based simulation predicted the relative increase from

day 0 to day 21 for the typical subject in the dataset (fasting,
weighing 65 kg and the ALP level at 77.2 U/L). The CL/F
approached steady state on day 21. The result suggested that
CL/F increased after once-daily treatment of furmonertinib for
21 days, ranging from 1.1 fold to 1.8 fold corresponding to the
dose range of 20–240 mg.
The simulated drug concentrations of furmonertinib, AST5902

and the total active compounds were shown in Fig. 6b. The
concentration of furmonertinib at steady state decreased over
time, where the decrease in the high dose group was greater than
that in the low dose group. However, the concentration of
AST5902 (green line) and the total active compounds (blue line)
was less influenced by the autoinduction effect, where only a
slight decrease in the 240 mg dose group at steady state was
observed.
The areas under the plasma concentration-time curve at steady

states (AUCSS) and PK profiles of furmonertinib, AST5902 and the

Table 2. Final model parameter estimates.

Parameters (units) Estimate %RSE Bootstrap estimate

Median 2.5% CI 97.5% CI

CLbase/F (L/h) 70.5 6.41 70.5 61.3 79.4

Vc/F (L) 2897 6.35 2837 2344 3216

ka (1/h) 1.34 5.63 1.32 1.14 1.48

Q/F (L/h) 12.4 34.2 12.6 9.42 53.0

Vp/F (L) 1470 26.7 1499 1113 2561

kENZ (1/h) 0.00304 6.56 0.00311 0.000952 0.00560

S 0.0111 18.1 0.0112 0.00710 0.0225

CLm/(F ∙ Fm) (L/h) 119 3.56 119 111 128

Vcm/(F ∙ Fm) (L) 291 9.27 286 215 341

k67 (1/h) 0.952 17.5 0.972 0.743 1.67

k76 (1/h) 0.0542 9.20 0.0540 0.0471 0.0711

θCLbase/F, ALP −0.505 17.5 −0.501 −0.679 −0.235

θCLm/(F∙Fm), ALP −0.278 32.7 −0.258 −0.430 0.0667

θCLm/(F∙Fm), body weight 0.622 27.8 0.629 0.144 0.956

θF, food 0.224 38.3 0.225 0.0500 0.405

θFm, food −0.335 7.87 −0.332 −0.382 −0.272

ω2
CL/F 0.0780 (3.47) 22.2 0.0756 0.0444 0.116

ω2
Vc=F 0.144 (3.39) 27.1 0.142 0.0740 0.242

ω2
ka 0.161 (1.11) 22.8 0.156 0.0995 0.230

ω2
CLm/(F∙Fm) 0.0485 (3.25) 19.6 0.0444 0.0284 0.0661

ω2
Vcm/(F∙Fm) 0.0970 (11.4) 29.6 0.0934 0.0463 0.163

δADD ERR

furmonertinib (CV%)
33.6 (4.02) 8.05 33.0 28.4 39.3

δADD ERR AST5902 (CV%) 27.5 (4.39) 8.54 27.1 22.8 32.3

CLbase/F, apparent clearance of furmonertinib at baseline; Vc/F, apparent volume of distribution of the central compartment of furmonertinib; ka, absorption
rate constant; Q/F, apparent inter-compartmental clearance of furmonertinib; Vp/F, furmonertinib apparent volume of distribution of the peripheral
compartment; F, the absolute oral bioavailability of furmonertinib; Fm, the fraction of conversion to AST5902; kENZ, the first-order rate constant for enzyme
degradation; S, the slope parameter describing the relationship between drug concentration and the enzyme formation rate; CLm/(F ∙ Fm), apparent clearance
of AST5902; Vcm/(F ∙ Fm), AST5902 apparent volume of distribution of the central compartment; k67 and k76, distribution rate constant of AST5902; ADD ERR,
additive error in logarithmic domain, expressed as coefficients of variation (CV%); RSE, relative standard error.
Note:
For interindividual variability terms ω2 and residual variability δ2, the respective shrinkage estimates are displayed in parentheses.
The equations that describe the relationships between covariates and the typical values of pharmacokinetic parameters were as follows:
CLbase TV ¼ 70:5 � ALP

77:2

� ��0:505
,

CLm TV ¼ 119 � ALP
77:2

� ��0:278� WT
65

� �0:6216
, where WT represents the body weight.

FTV ¼ 1 � 1þ 0:224ð ÞFOOD ,
Fm TV ¼ 1 � 1� 0:335ð ÞFOOD , where FOOD is a categorical covariate of 1 for fed and 0 for fasting status.
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total active compounds were simulated under different levels of
the selected covariates, which were presented in Supplementary
Fig. S1 and S2, respectively. The simulation results suggested that
the impacts of covariates on PK of furmonertinib, AST5902 and the
total active compounds were small.

DISCUSSION
Our study, for the first time, uses the PK-PD modeling to
characterize the nonstationary PK of the furmonertinib and
AST5902 simultaneously. Previous studies have found that
furmonertinib could induce the production of the enzyme CYP3A4
and therefore increase the rate of metabolism [19]. Consistently,
the apparent clearance of furmonertinib and the metabolite-
parent AUC ratio increased with the dose level after multiple-dose
treatment [18]. In the current study, the results from IOV modeling
(as shown in Fig. 2) also showed that the furmonertinib apparent
clearance after multiple-dose treatment was higher than that after
single-dose treatment. Interestingly, the self-induction effect
appeared to be concentration-dependent, where the increase in
clearance appeared to increase with dose as shown in Fig. 2.

However, three subjects showed a slight increase or even a
decrease in the clearance at the 80mg dose group. The difference
in responsiveness to the autoinduction effect could be due to
different hepatic function levels among those patients. The results
of IOV indicated the presence of nonstationary clearance. Based
on the mechanism that furmonertinib could increase the
production rate of CYP3A4, the IDR III model was selected to
characterize the autoinduction effect on the metabolism of
furmonertinib. This model has also been widely used in other
drugs with the autoinduction effect such as rifampin [27]. We
initially used the Emax function to describe the enzyme induction
effect of furmonertinib. However, the estimated maximum effect
and potency parameters were extremely large, indicating over-
parameterization in the model. Thus, a simpler slope parameter
was used in the IDR model. The estimated kENZ value (0.00304) is
reflective of the CYP3A4 half-life and agreed with previous studies
[27, 39–41].
The current work supported the use of furmonertinib 80 mg

dose among the evaluated dose levels. First, 80 mg furmonertinib
showed similar clinical efficacy and minimum CYP3A4-inducing
activity compared to higher dose levels. The previous study has

Fig. 4 General goodness-of-fit for (a) furmonertinib and (b) AST5902 of the final model. The top panels of (a) and (b) present the observed
data vs. population predictions and individual predictions, respectively. The bottom panels of (a) and (b) present the CWRES vs. population
predictions and time, respectively. Individual data points from the same subject are connected by black lines. The blue lines are loess smooth
lines. The gray diagonal (top panels) and horizontal lines (bottom panels) are the lines of identity and zero lines, respectively.
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demonstrated that the clinical efficacies of 80, 160, and 240mg
dose are similar [18]. Also, the model-based simulation (Fig. 6a)
showed that at steady-state the CYP3A4 activity, represented by
furmonertinib clearance, increased about 1.3, 1.6, and 1.8 folds at
80, 160, and 240mg dose level. This result indicated that 80 mg is
less likely to cause CYP3A4-induced drug-drug interaction than
160 and 240mg. Second, it is unlikely the slight concentration
decrease in the 80mg dose group due to autoinduction would
affect drug efficacy over time, because the potency of parent and
metabolite are comparable. The current study suggested that
autoinduction resulted in a decrease in exposure of the parent
compound but not the active metabolite. This alleviated the
influence of autoinduction on the exposure of total active
compounds, which is less affected by autoinduction as shown in
Fig. 6b. Thus, furmonertinib 80 mg dose is preferred over 160 and
240mg. It is worth mentioning that 80 mg is currently being
evaluated in a larger phase III trial as the first-line therapy for
NSCLC patients.
The impact of food intake was identified on the bioavailability of

furmonertinib and the fraction of conversion to AST5902. Although
such effect may not be clinically meaningful, its influence could be
complex since the AUC of furmonertinib increased by 32%
whereas that of active metabolite AST5902 slightly decreased
(8%) [20]. For furmonertinib, the NCA results showed that its
terminal slope of the PK profile did not change after food intake,
suggesting that food did not affect its clearance. Also, the result of
the mass-balance study [42] suggested that furmonertinib was
absorbed thoroughly in vivo, indicating that the food effect could

not further increase its absorption extent. Thus, the effect of food
intake is more likely to increase the bioavailability of furmonertinib
by increasing the splanchnic blood flow. An increase in the
splanchnic blood flow could reduce the first-pass metabolism of
furmonertinib, a phenomenon that has been reported in other
drugs [43–46]. As for the active metabolite AST5902, under the
influence of food intake, it was less produced by the first-pass
metabolism whereas more via the systematic circulation of
furmonertinib. The counteracting effect of the above two
processes slightly reduced the exposure of AST5902. The result
of the food effect implies an alternative model structure, where the
AST5902 was produced by the first-pass metabolism in addition to
those from the parent compound in systematic circulation [47].
However, such a model is not supported by current data. Without
the intravenous PK data of both furmonertinib and metabolite, the
fractions of metabolite formed via first-pass and system circulation
cannot be separately identified.
In the covariate analysis, the effect of the ALP level on the PK was

quantified. ALP was negatively correlated with the clearance of
furmonertinib and AST5902 (Fig. 3). ALP has been identified as a
significant covariate for other hepatic-elimination drugs [48].
Although the result is consistent with the mechanism that the
furmonertinib is mainly eliminated by the liver, given the small
number of patients in the study, more data are needed to confirm
the impact of ALP on PK. Also, we found these relationships might
be caused by two patients, whose ALP levels were abnormal and
much higher than others (Supplementary Fig. S1). After the removal
of two patients, ALP was not a significant covariate on the clearance

Fig. 5 Prediction-corrected visual predictive check for the concentrations of furmonertinib (AST2818) and AST5902. (a) After single-dose
treatment or the first administration as well as (b) after multiple-dose treatment. Open circles represent the observed data. The insets show a
zoom of the prediction-corrected visual predictive checks from 0 to 24 h after the first dose. The lines are the 5th, 50th, and 95th percentiles of
the observed data. Shaded areas represented the 90% confidence intervals for each percentile from 500 simulations.
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of furmonertinib and AST5902 anymore (P= 0.03 vs. P= 0.61).
In conclusion, we have conducted population PK analysis of

furmonertinib and AST5902 based on the clinical data obtained
from three clinical trials, including two conducted in patients and
one in healthy volunteers. A joint population PK model of
furmonertinib and its metabolite AST5902 was developed, which
adequately described the nonstationary PK of furmonertinib and
AST5902 due to the autoinduction effect on metabolism. Based on
the covariate analysis, body weight, food intake and ALP levels
were identified as significant covariates. However, their influences
on PK were not likely to be clinically meaningful. The current work
supported the use of a once-daily furmonertinib dose of 80 mg
based on its similar efficacy and minimum CYP3A4-inducing
activity in comparison to the higher doses. The developed
population PK model can be further used in the exposure-
response analysis of furmonertinib.
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