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AIMS
The aim was to characterize the population pharmacokinetics of BYL719 in
cancer patients and assess the time course of tumour response in relation to
drug exposure and dosing schedule.

METHODS
Plasma samples and longitudinal tumour size measurements were collected
from 60 patients with advanced solid malignancies who received oral BYL719
once daily (30–450 mg) or twice daily at 120 mg or 200 mg. Non-linear mixed
effect modelling was employed to develop the population pharmacokinetic and
pharmacodynamic model.

RESULTS
The pharmacokinetics were best described by a one compartment disposition
model and transit compartments accounting for the lag time in absorption. The
typical population oral clearance and volume of distribution estimates with
their between-subject variability (BSV) were 10 l h−1 (BSV 26%) and 108 l (BSV
28%), respectively. The estimated optimal number of transit compartments was
8.1, with a mean transit time to the absorption compartment of 1.28 h (BSV
32%). The between-occasion variability in the rate and extent of absorption was
46% and 26%, respectively. Tumour growth was modelled using a turnover
model characterized by a zero order growth rate of 0.581 cm week1 and a first
order death rate of 0.0123 week−1. BYL719 inhibited tumour growth with an IC50

of 100 ng ml−1 (BSV 154%). Model-based predictions showed potential for
additional anti-tumour activity of twice daily dosing at total daily dose below
400 mg, but a loss of efficacy if administered less frequently than once daily.

CONCLUSIONS
The proposed model provides a valuable approach for planning future clinical
studies and for designing optimized dosing regimens with BYL719.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• BYL719 is a phosphoinositide 3-kinase

inhibitor (PI3Ki) in clinical development for the
treatment of cancer. There are also several
other PI3Kis in clinical development.

• Clinical benefit of PI3Kis according to the
RECIST criteria has been reported including
stable disease and partial tumour responses.

• Although the RECIST classification offers a
simple criterion to standardize tumour
response, it limits what can be learnt about
the drug’s potency and time course of effect.

WHAT THIS STUDY ADDS
• An increased understanding of BYL719’s

potential for anti-tumour activity was derived
from a pharmacokinetic–pharmacodynamic
model that described the time course of
tumour response in relation to drug exposure,
which, in turn, provided an estimate of its
relevant pharmacodynamic parameters.

• Model-based predictions identified the
potential for clinical benefit of alternative
dosing regimens.
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Introduction

Phosphoinositide 3-kinase (PI3Ks) are lipid kinases that are
important in controlling signalling pathways involved in
cell proliferation, motility, cell death and cell invasion [1, 2].
PI3Ks transduce signals from various growth factors and
cytokines into intracellular messengers. The PI3K lipid
kinase family comprises eight enzymes divided into three
classes based on sequence homology comparisons. The
most commonly studied are the class 1A enzymes that are
activated directly by cell surface receptors such as receptor
tyrosine kinases and G-protein coupled receptors [2–5].
Human cells contain three genes (PIK3CA, PIK3CB and
PIK3CD) that encode the catalytic subunits of class IA PI3K
enzymes, termed PI3Kα, PI3Kβ and PI3Kδ, respectively [5].
The major polypeptides produced by these three genes
are p110α, p110β and p110δ [3–5]. The α and β isoforms
are ubiquitously expressed, whereas the δ isoform plays a
major role in lymphocyte development, differentiation
and activation [5, 6]. The class IB PI3K consists of only one
enzyme, p110γ, which is expressed in leukocytes and in a
small number of other tissues [4–6].

Mutation or amplification of PIK3CA promotes onco-
genic activation of the PI3K pathway, and occurs fre-
quently in human cancers [7–10]. A high frequency of hot
spot mutations has been observed in colorectal cancers,
gastric cancers, brain cancers as well as breast and lung
cancers [7–10]. PI3K pathway activation may also be asso-
ciated with resistance to chemotherapy and targeted
agents in different cancers [11–13]. In addition, data
suggest that p110α might be the predominant isoform in
vasculogenesis and p110α-specific inhibitors might block
angiogenesis [14]. Selective inhibition of the PI3K pathway
therefore represents a promising therapeutic approach for
cancer treatment [15].

BYL719, (S)-pyrrolidine-1,2-dicarboxylic acid 2-amide
1-({4-methyl-5-[2-(2,2,2-trifluoro-1,1-dimethyl-ethyl)-pyridin-
4-yl]-thiazol-2-yl}-amide), is an oral α-specific class I PI3K
inhibitor [16, 17]. It inhibits wild-type and mutated p110α
more potently than the other isoforms [16, 17]. Preclinical
studies have shown anti-proliferative activity in cellular
systems and in human tumour xenograft models with or
without PIK3CA mutations, with good correlation between
drug exposure and inhibition of PI3K signalling. BYL719 is
currently tested in several clinical studies for the treatment of
cancer, both as a single agent and in combination therapy
with chemotherapeutic drugs or targeted therapies.

The ongoing clinical study CBYL719X2101 is the first in
human dose escalation study of oral BYL719 in adult
patients with advanced solid malignancies, whose
tumours have an alteration of the PIK3CA gene [18]. Its
primary objective is to determine the maximum tolerated
dose (MTD). At the time of this analysis, patients were
dosed once daily in the dose range of 30–450 mg or twice
daily at 120 mg or 200 mg. The MTD was declared at
400 mg once daily. Enrolment in the MTD expansion

cohort at 400 mg once daily is ongoing. In addition, safety
and tolerability of a twice daily dosing regimen is cur-
rently being explored. The most frequently observed
adverse events are hyperglycaemia, gastro-intestinal
related symptoms, fatigue and rash. Hyperglycaemia is
considered an on-target effect of PI3K inhibition and
appears to occur in a dose-related fashion [19]. So far,
BYL719 has been found to be safe and well tolerated, and
clear evidence of target inhibition and preliminary antitu-
mour activity was seen.

Longitudinal tumour size measurements were
recorded in CBYL719X2101 for computing tumour
response based on the Response Evaluation Criteria in
Solid Tumours (RECIST). RECIST classifies tumour response
in four categories: complete response, partial response,
stable disease and progressive disease [20]. Although the
RECIST classification offers a simple criterion to standard-
ize tumour response, it limits what can be learnt about the
drug’s potency and time course of effect. This is because
the RECIST classification ignores that repeated tumour size
measurements at predefined time intervals provide a con-
tinuous scale measure of drug effect, which contains infor-
mation related to the time course of drug effect. An
increased understanding of drug action can be derived
from a pharmacokinetic–pharmacodynamic (PK–PD)
model that describes the time course of tumour response
in relation to drug exposure, which, in turn, provides esti-
mates of PD parameters that describe the specific relation-
ships of interest. Stochastic simulations of the expected
time course of drug effect can aid in identifying a drug
dosage regimen and study design that will result in
optimal therapeutic outcome [21, 22].

The purpose of this study was to describe the popula-
tion PK of BYL719 and explore the relationship of the
systemic drug exposure to antitumour efficacy using avail-
able data from the first in human clinical study. The change
in sum of longest tumour diameters over time was used
to develop a population PK–tumour kinetic model to
describe the relationship between systemic drug expo-
sures and time course of drug effect. The PK–PD model
was used to simulate the anti-tumour activity of different
doses and regimens of BYL719.

Methods

Clinical study CBYL719X2101
Clinical study CBYL719X2101 was approved by the ethics
committees of participating centers [18, 23] and con-
ducted in accordance with Good Clinical Practice guide-
lines and the Declaration of Helsinki. All patients gave
written informed consent before participation. This study
has been designed as a multicentre, open-label phase IA,
dose escalation study with the primary objective of deter-
mining the MTD. The MTD was defined as the highest dose
of BYL719 not causing dose limiting toxicities in >33% of
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patients in the first treatment cycle. Once the MTD has
been determined an MTD-expansion arm would follow.
Patients received oral, once daily BYL719 until disease pro-
gression, unacceptable toxicity, or withdrawal of consent.
When adequate data had been collected to define the
safety and PK of BYL719 given once daily, a twice daily
dosing regimen was initiated by the addition of a new arm.

Patient population
The study population of study CBYL719X2101 consisted
of adult patients with advanced solid tumours, whose
tumours had a mutation or amplification of the PIK3CA
gene, and whose disease had progressed despite standard
therapy or for whom no standard therapy existed [18, 23].
Demographic characteristics of the patient population are
provided in Table 1. Patients had histologically confirmed
advanced tumours failing standard therapy, with a least
one lesion as defined by RECIST, age ≥18 years, World
Health Organization performance status ≤2, adequate
bone marrow, hepatic and renal function and fasting
plasma glucose concentrations ≤140 mg dl–1. Key exclu-
sion criteria were corticosteroid treatment ≤2 weeks
before starting BYL719, clinically manifest diabetes
mellitus, or history of gestational diabetes, any severe or
uncontrolled medical condition that could cause unaccep-
table risks or compromise compliance with the protocol
and prior treatment with a PI3K, AKT or mTOR inhibitor
with failure to benefit.

PK assessments
For the once daily regimen, BYL719 was administered in
the morning, approximately 1 h after a light breakfast.

Patients were instructed to fast for 1 h after the adminis-
tration of each BYL719 dose. Sequential blood sampling
for PK was performed pre-dose and at 0.5, 1, 1.5, 2, 4, 6, 8
and 24 h post-dose on day 1 and day 8 of the first 28 day
treatment cycle, and on the first day of the second treat-
ment cycle. Additional pre-dose samples were drawn on
the first day of every subsequent treatment cycle. For the
twice daily regimen, BYL719 was administered in the
morning and the evening (about 12 h apart), appro-
ximately 1 h after food consumption. Patients were
instructed to fast for 1 h after the administration of each
BYL719 dose. Sequential blood sampling was performed
at pre-dose and at 0.5, 1, 1.5, 2, 3, 4, 6 and 10 h post-
morning dose. Plasma concentrations of BYL719 were
determined using a validated liquid chromatography-
tandem mass spectrometry assay with a dynamic range of
1 to 1000 ng ml−1 (supplementary material).

Tumour assessments
Serial measurements of the largest dimension of the
primary tumour were obtained by radiologic techniques at
baseline, at the end of treatment cycle 2 and every 8 weeks
thereafter. If multiple measurable lesions were present, the
sum of the longest one dimensional measurement of each
lesion was used instead. In addition, a bone scan was per-
formed for all patients with clinical evidence of bone
metastases.

Data used for model building
A total of 71 patients had been enrolled at the time of
clinical data cutoff (July 2012). Individual patient PK data
were considered evaluable for PK model building when
there was at least one evaluable plasma sample and com-
plete dose administration record up to and including the
time of PK assessment. Individual patient PD data were
considered evaluable for PD model building when there
was a baseline tumour assessment and at least one post-
baseline tumour assessment of the same subject, as well as
a complete dose administration record up to and includ-
ing the time of the last post baseline tumour assessment. A
total of 11 patients had neither evaluable PK nor evaluable
PD data and thus were excluded from all analyses. Of the
remaining pool of 60 subjects, a subset of, respectively, 51
and 47 patients could be included in PK and PD model
building. The longitudinal change in tumour measure-
ments of all evaluable patients was described using a
sequential PK–PD model fit approach (see below). First, the
Bayesian post hoc estimates of the PK parameters were
obtained from the final PK model, which were then fixed
and used as an input function to the PD model. Patients
received once daily doses of 30 mg (n = 1), 60 mg (n = 3),
90 mg (n = 6), 180 mg (n = 6), 270 mg (n = 4), 400 mg
(n = 25) 450 mg (n = 9) or twice daily at 120 mg (n = 1) or
200 mg (n = 5).

Table 1
Summary of demographic characteristics of the patients

Characteristic Value

Number of patients* 60
Number of concentration data† 1228

Gender (male/female) 12/48
Age (mean ± SD) (range) (years) 58.2 ± 10.4 (39–78)

Height (mean ± SD) (range) (cm) 164 ± 8.62 (146–190)
Weight (mean ± SD) (range) (kg) 74.7 ± 21.3 (36.7–178)

Primary tumour site (%)‡

Breast 30

Colorectal 28

Ovarian 10

Head and neck 5

Other 27
Sum of tumour diameters (mean ± SD) (range) (cm)‡ 9.87 ± 5.37 (2.4–21.5)

*A total of 71 patients were enrolled, of whom 60 patients could be included in
the model building (refer to methods). †A total of 51 patients had evaluable PK
data (refer to methods). A total of 1228 plasma concentrations for which dose
and sampling time were adequately recorded were included in the PKanalysis. ‡A
total of 47 patients had evaluable PD data (refer to methods). A total of 146
tumour size measurements from 47 patients were used to establish the PD model.
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Population PK analysis
A non-linear mixed effects model approach was used to
estimate population parameters and their between
subject (BSV) and between occasion (BOV) variability.
Model development and parameter estimation were con-
ducted using Phoenix NLME Version 1.1 (Pharsight, Moun-
tain View, CA, USA) with first order conditional estimation
– Extended Least Squares. A Bayesian approach condi-
tioned on the population characteristics was used to esti-
mate the individual specific parameters.

A transit compartment model (Figure 1A) in which the
number of transit compartments was numerically esti-
mated was developed as described by Savic et al. [24]. In
the transit model drug absorption arises as a consequence
of transit through a chain of intermediate compartments
before reaching the observation compartment. The
analytical solution to estimate numerically the optimal
number of transit compartments (N), and calculate the
amount of drug in the last transit compartment AN(t) is
given by equation 1.

A
N

N
tr

N

trt F Dose
K t

e K t( ) =
( ) −. .

.

!
. . (1)

where t is time post last dose, F is the absolute oral
bioavailability (fixed to unity); Ktr is the first order transfer
rate constant through the series of transit compartments
and N! is the factorial function with argument N. To
compute this solution numerically, Stirling’s approxima-
tion was employed (equation 2) [24].
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To prevent numerical difficulties, the natural log trans-
formation was used to describe the rate of change in drug
amount in the absorption compartment Aa (equation 3).
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where Ka is the first order absorption rate constant describ-
ing the transfer of the drug amount in the absorption
compartment to the central compartment. Ktr was
re-parameterized in the mean transit time (MTT), which
represents the average time spent by the drug travelling
from the first transit compartment to the absorption com-
partment (equation 4).

K tr
N

MTT
= +1

(4)

The structural disposition model was an open one
compartmental model, parameterized in terms of drug
clearance (CL) and the apparent volume of distribution (V).
The differential equation describing the drug amount in
the central compartment Ac is given by equation 5.

d

dt
K C

A
A CLc

a a= −. . (5)

where C is the plasma concentration, calculated from V
(Ac/ V).

The performance of the transit model was evaluated in
comparison to the traditional lag-time model (Figure 1B).

...

N number of compartments
CL

A

Dose
Ktr Ktr KtrA0 A1 AN-1

Ktr KtrAN

Absorption
compartment

Aa

Ka
Central

compartment
Ac

 V

CL

Absorption
compartment

Aa

Katlag Central
compartment

Ac

 V

B

Dose

Figure 1
Population PK model structure of the BYL719. (A) transit model and (B) tlag model. Ktr is the first order transit transfer rate constant, Ka the first order
absorption rate constant, N the total number of transit compartments, V the volume of distribution, CL the oral clearance and tlag the absorption lag time.
The absorption and central compartment correspond to respectively Aa and Ac
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In the tlag model the rate of change in drug amount in the
absorption compartment (Aa) was described using equa-
tion 6.

d

dt
K

A
Aa

a a= − . (6)

where Ka is the first order absorption rate constant describ-
ing the transfer of the drug amount in the absorption com-
partment (Aa) to the central compartment (Ac). The
structural disposition model was identical to the transit
model.

The BSV of the parameters was assumed to be log nor-
mally distributed. The relationship between a parameter
and its variance was estimated using an exponential
model expressed as follows:

θ θ η
i e i
= . (7)

where θi is the value of the parameter as predicted for the
individual i; θ is the population typical value of the param-
eter, and ηi represents the difference in the estimated
parameter for the ith subject from the population typical
value. The ηi values are independently distributed random
variables with a mean of zero and a variance of ω2. The
hierarchical structure was constructed stepwise by first
including BSV and then BOV where appropriate. Occasions
were defined as scheduled visits for PK assessments: cycle
1 day 1 (OCC1), cycle 1 day 8 (OCC2) and cycle 2 day 1
(OCC3). Trough samples taken after OCC3 were pooled as
OCC4.

The residual error was best described using a log addi-
tive error structure:

ln lny yij ij( ) = ′( )+ij ε (8)

where yij is the jth observation in the ith individual; ′yij is
the model’s predicted value; εij is the normally distributed
additive random error with mean of zero and variance
of σ2.

Population PK–PD analysis
The final tumour growth turnover model on the sum of
longest tumour diameters is given by equation 9.

d

dt
K

C

C C
K

Tumour E

I
Tumourgrowth deg= −

+( )−max .
.1

50
(9)

where tumour refers to the one-dimensional sum of indi-
vidual tumour diameter measurements, Kgrowth is the zero
order rate tumour growth constant, Kdeg is the first order
tumour death rate constant, Emax is the maximum PD effect
and IC50 is the plasma drug concentration at 50% of the

maximal inhibitory effect. Both Kgrowth and Kdeg were con-
strained to be positive. Individual predicted drug concen-
trations (C) based on the tlag model and its Bayesian post
hoc estimates were used as an input function to equation
9. For each patient, equation 9 was initialized by the indi-
vidual baseline sum of tumour diameter measurement.
The inter-individual variability of the model parameters
was assumed to be log normally distributed (equation 7),
while the residual error was best described using an addi-
tive error structure (equation 10).

y yij ij ij= ′ + ε (10)

where yij is the jth observation in the ith individual; ′yij is
the model’s predicted value and εij is the normally distrib-
uted additive random error with mean of zero and vari-
ance of σ2.

Model development and validation
The major steps of PK and PK–PD model building are listed
in the supplementary material. The final model was
selected based on a combination of: reduction in the
objective function value (OFV), examination of goodness
of fit plots, reductions in the magnitude of BSV model
parameters and residual error, as well as shrinkage in
random variability parameters and robust model param-
eter estimation. The assessment of statistical significance
between nested models was based on the difference in
OFV, applying the likelihood ratio test.

The stability and performance of the model were
assessed by means of a non-parametric bootstrap with
re-sampling (n = 500) and replacement. Estimated param-
eters from the bootstrap procedure were compared with
those estimated from the original data set. The 2.5th and
97.5th percentiles of the sets of estimates defined the lower
and upper limit of the 95% confidence intervals, respec-
tively, for each parameter and its corresponding variability.
A simulation-based diagnostic was performed by con-
structing visual predictive checks.

Simulation: impact of dose and regimen
Deterministic and stochastic simulations from the final
PK–PD model parameters were used to assess the impact
of dose and regimen on early drug response at 20 weeks,
in the typical individual or in 5000 virtual patients follow-
ing onset of therapy. Full adherence with the prescribed
regimen and a baseline sum of longest tumour diameters
of 10 cm was assumed. Individual predicted tumour size at
20 weeks following onset of therapy was calculated to
classify the change in sum of tumour diameters from base-
line, as per RECIST [20]: progressive disease (increase of
≥20% from baseline), stable disease (increase of < 20% or
decrease <30% from baseline), partial response (decrease
of ≥30% from baseline) and complete response (sum of
tumour diameters reaching zero).

Population pharmacokinetics and pharmacodynamics of BYL719
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For deterministic simulations the PK–PD parameter
estimates for the typical individual were used, and a linear
regression was performed of effect vs. time fixing the inter-
cept at 10 cm and reporting the slope as the time-
averaged drug effect up to 20 weeks of treatment. Within
the range of dosing rates simulated, a linear effect
described the change in the sum of longest tumour diam-
eter well, at least up to 20 weeks of treatment.

Results

Population PK analysis
PK data were well described by an open one compartment
model with first order elimination, as expected from the
mono-exponential decline in concentrations (Figure 2).
Both the tlag and transit model were found to provide an
adequate fit to the data as shown by the goodness of fit
plots depicted in Figure 3 (transit) and supplementary
material (tlag). Overall, the individual predicted concentra-
tions from the transit model approximated more closely
the observed concentrations. Nevertheless, some bias

towards underprediction of peak drug concentrations was
observed for both models.

The population PK parameters along with their variabil-
ity and relative standard errors are summarized in Table 2.
Oral drug clearance was estimated to be 10.1 l h−1 and
11.5 l h−1, and oral volume of distribution was 108 l and
118 l in the transit and tlag model, respectively. The terminal
elimination half-life in the typical individual was estimated
at 7.1 h in the tlag model, and 7.4 h in the transit model.
The population disposition parameters were similar to the
non-compartmental analysis (supplementary material).
The close agreement of drug disposition parameters
between both models indicates the lack of relevant bias on
drug disposition from drug input mis-specification in the
tlag model [25], and confirms the validity of the transit
model assumption that the whole of the preceding dose
has been absorbed when the next oral dose is given [26].
As expected, the differences in the population estimates
were more pronounced for the absorption parameters
(Table 2). Ka was about four-fold larger in the transit model
and MTT was about two-fold larger than the absorption
lag time (Table 2).

BSV was tested on all model parameters, followed
by stepwise elimination when their estimation was not
adequately supported by the data (supplementary mate-
rial). Overall, the BSV was highest for the absorption
parameters, being low to moderate for the disposition
parameters (Table 2). Comparison of model diagnostics
of the transit model, parameterized in different ways,
favoured the variability in oral drug clearance to be mod-
elled using a relative bioavailability parameter F (equation
1), rather than by CL (equation 5), suggesting that the
underlying BSV in oral drug clearance might reside more
within the drug’s bio-availability than in its systemic clear-
ance. Interestingly, the BSV on F in the transit model (26.0
%) was similar to the BSV on oral clearance in the tlag model
(26.7%), indicating that similar variance estimates in oral
drug clearance were captured in both models.

Intra-subject comparison of systemic drug exposure
after single and repeated oral dose administration
(AUC(0,∞) vs. AUC(0,τ) at steady-state) revealed relevant
BOV in oral drug exposure, but not in t1/2 (data not shown),
indicating BOV in oral drug clearance is predominantly
affected through F. The stepwise addition of a BOV on MTT
and F in the transit model resulted in significant improve-
ment of the model fit (supplementary material). Similarly,
in the tlag model, the stepwise addition of a BOV on the
absorption parameters (tlag and Ka) and oral drug clearance
(CL) resulted in a significant drop in OFV.

The median parameter estimates from the bootstrap
procedure were in close agreement with their respective
values from the final population model (Table 2) and those
derived from model independent analysis (supplementary
material). The models were stable to perturbation of the
initial estimates. The results of the VPC show that the
observed concentration range and variance at the median
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Figure 2
Median plasma concentration–time profile of BYL719 after (A) a
single dose administration and (B) 1 month of once daily dosing. ( )
30 mg once daily, ( ) 60 mg once daily, ( ) 90 mg once daily,
( ) 180 mg once daily, ( ) 270 mg once daily, ( ) 400 mg once daily,
( ) 450 mg once daily
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and the 5th and 95th percentiles was well predicted for both
final models (supplementary material).

Population PK–PD analysis
The longitudinal change in sum of tumour diameters over
time was used to develop a population PK–PD model to
describe the relationship between systemic drug expo-
sures and time course of drug effect. Overall, the tumour
kinetic model fitted the observed longitudinal change in
sum of tumour diameters well as shown by the goodness
of fit plots depicted in Figure 4. The VPC of the final model
is provided in the supplementary material. Table 3 lists the
population PD and tumour growth parameters along with
their 95% confidence intervals. The IC50 for tumour growth
inhibition was estimated to be 101 ng ml−1, corresponding
to a free drug estimate of about 10 ng ml−1 (average free
fraction in plasma was 10.8 ± 1.64 % [27]). The calculated
IC80 by the Hill equation was 404 ng ml−1. The IC50 was
found to be associated with a large BSV of 154 %. This is

not surprising as it is the only parameter where a random
effect was supported and is therefore carrying all the PD
BSV. Bayesian post hoc estimates of IC50 were not found to
correlate with dose, suggesting that drug effect was rea-
sonably well described and separated from the underlying
system parameters (data not shown). The final model
parameter estimates for the bootstrap validation were in
good agreement with the estimates of the final model
(Table 3).

Simulation: impact of dose and regimen
Deterministic and stochastic simulations from the final
PK–PD model were used to assess the impact of dose and
regimen on drug response at 20 weeks following onset of
therapy. At a total daily dose of 400 mg, the proportion
of patients with a trough concentration exceeding
101 ng ml−1 (IC50) was comparable in the once and twice
daily regimens (90% vs. 99%), while the proportion
of patients with a trough concentration exceeding
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Figure 3
Goodness of fit plots for the population PK transit model. (A) Plot of the population-predicted vs. observed BYL719 plasma concentration. (B) Plot of
individual-predicted vs. observed BYL719 plasma concentration. (C) Plot of the conditional weighted residual error (CWRES) vs. time. (D) Plot of the
conditional weighted residual error (CWRES) vs. population predicted BYL719 plasma concentration. The solid line in panel A and B is the line of identity
(observed=predicted)
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404 ng ml−1 (IC80) was considerably larger in the twice
daily regimen (55% vs. 90%) (Figure 5). Accordingly, in the
typical individual, no sizable difference in anti-tumour
activity is expected up to 20 weeks post-onset of therapy
when the drug is given once daily or twice daily at a total
daily dose of 400 mg (Table 4).

Relative anti-tumour effect decreased when total
daily dose was decreased, indicating dose-dependency
(Table 4). Increasing the dosing interval to every 2 days
is predicted to result in a considerable loss of drug
effect. Interestingly, simulation predicts a larger difference
between the once and twice daily regimens in favour of

the twice daily regimen at lower total daily doses (Table 4).
For the average patient there is a 51% advantage compar-
ing 100 mg twice daily with 200 mg once daily whilst the
advantage is 22% comparing 150 mg twice daily with
300 mg once daily. Thus, if dose reduction from a starting
dose of 400 mg once daily is clinically indicated moving to
a twice daily regimen may be considered.

RECIST classification of simulated tumour response at
20 weeks was found to be a less sensitive metric to detect
the impact of dosing rate on the early clinical outcome at
20 weeks (supplementary material). This may be caused by
a loss of information when creating categories from a
random variable that is continuously changing with time.
RECIST criteria classified most patients as having stable
disease despite an underlying difference in treatment
response. RECIST classification of simulated response con-
firms the anticipated gradual loss of efficacy with dose
increments from the MTD, which can, at least partly, be
offset by switching to a twice daily regimen.

Discussion

Several approaches to modelling tumour dynamics using
different tumour load metrics can be found in the litera-
ture [28–31]. A concise mathematical treatment of alterna-
tive models has also been published [32]. None of these
uses the simple turnover model that we have applied here.

Table 2
Population PK parameters of BYL719 and bootstrap validation

Parameter*†

Lag time model Transit model

Estimate RSE (%)
95% confidence
interval limits† Estimate RSE (%)

95% confidence
interval limits‡

OFV 1969 – – 1508 – –
Disposition
CL (l h−1) 11.5 9.1 (10.4, 12.6) 10.1 4.6 (9.28, 11.0)
V (l) 118 4.9 (101, 135) 108 6.4 (97.3, 120)
BSV CL (%) 26.7 3.6 (20.1, 34.7) – –
BSV V (%) 41 3.1 (26.0, 50.0) 27.6 24.3 (20.8, 33.1)

Absorption

F – – – 1 (fixed) – –

Ka (1 h−1) 0.784 4.3 (0.607, 0.996) 3.36 (fixed) – –

tlag (h) 0.489 (fixed) – – – – –

MTT (h) – – – 1.28 6.4 (1.12, 1.49)

n – – – 8.09 4.6 (6.22, 10.0)

BSV F (%) – – – 26.0 29.1 (17.9, 32.8)

BOV F (%) – – – 25.3 20.2 (18.1, 31.6)

BSV Ka (%) 52.4 3.4 (26.9, 87.4) – – –

BOV Ka (%) 62.8 3.4 (42.9, 81.0) – – –

BOV tlag (%) 55.9 3.3 (44.8, 67.0) – – –

BSV MTT (%) – – – 31.6 41.2 (16.3, 41.0)

BOV MTT (%) – – – 46.2 17.1 (39.5, 52.6)

Residual error (%) 36.6 1.5 (31.4, 40.9) 31.6 2.4 (26.4, 36.5)

*PK parameters are as defined in equation 1 to 6 (Methods). BSV, between-subject variability; BOV, between-occasion variability; OFV, objective function value; RSE, relative standard
error. †Major model building steps are provided in the Supplementary material. ‡Calculated from 500 bootstrapped resamples.

Table 3
Population PD parameters of BYL719 and bootstrap validation

Parameter* Estimate RSE (%)
95% confidence
interval limits‡

Kgrowth (cm week−1) 0.581 (fixed)† – –
Kdeg (week−1) 0.0123 5.2 (0.00784, 0.0236)

IC50 (ng ml−1) 101 7.6 (40.6, 179)
BSV IC50 (%) 154 20.6 (80.6, 261)

Emax 1 (fixed)† – –
Residual error (cm) 1.27 7.1 (0.942, 1.48)

*PK parameters are as defined in equation 9 (Methods). BSV, between-subject
variability; OFV, objective function value; RSE, relative standard error. †Major
model building steps and rationale for fixing Kgrowth and Emax is provided in the
supplementary material. ‡Calculated from 500 bootstrapped resamples.
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Whilst our model may appear to have some basis in
mechanism, we regard our implementation as empirical.
We have initialized the individual subject tumour size to
the observed baseline value and this implementation
implies, given the final parameters, that the drug effect is a
function of the baseline size with larger effect possible at
higher baseline values compared with lower ones. Also,
the model cannot be generalized beyond the range of the
baseline tumour sizes represented in this population
(2–20 cm). One underlying reason for this is that whilst
both growth and regression of the tumour is possible at
different drug effects in this range, there is a natural
boundary at a baseline tumour size of Kgrowth/Kdeg (about
47 cm) where even in the absence of any drug, growth of
the tumour cannot occur. Despite these limitations we feel
that the model is useful and that the uses we have made of
the model add insight and will benefit the further devel-
opment of BYL719.

Simulations from the PK–PD model confirmed the pres-
ence of a concentration–effect relationship in the dose
range of 100–400 mg once daily, with a respective increase
and decrease in number of partial tumour responses and
progressive disease with increasing dose. At 400 mg once
daily, the fraction of patients experiencing stable disease
or a partial response was simulated to be respectively 78%
and 9% at 20 weeks following onset of therapy. At the time
of writing this manuscript, several patients had achieved
partial tumour responses and many patients had stable
disease. We acknowledge the potential for an upward bias
in the simulations may exist, as complete adherence to the
prescribed regimen was assumed.

The investigation of schedule dependence in the drug
effect through simulation revealed little difference in
tumour shrinkage between 400 mg once daily and 200 mg
twice daily, while a considerable loss of effect is predicted
with less frequent dosing. While more frequent regimens
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Figure 4
Goodness of fit plots for the PK–PD model describing the longitudinal data of change in sum of tumour diameter. (A) Plot of the population-predicted vs.
observed sum of tumour diameters. (B) Plot of individual-predicted vs. observed sum of tumour diameters. (C) Plot of the conditional weighted residual
error (CWRES) vs. time. (D) Plot of the conditional weighted residual error (CWRES) vs. population predicted sum of tumour diameters. The solid line in panel
A and B is the line of identity (observed=predicted)
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might provide more sustained target inhibition, prelimi-
nary safety data suggest a possible higher frequency or
intensity of hyperglycaemia may exist when a total dose of
400 mg is given twice as opposed to once daily (manu-
script in preparation). The inhibition of PI3K is known to
enhance the sensitivity of the pancreatic β-cell to glucose

concentrations in the post-prandial range [19, 33]. Insulin
resistance may develop in peripheral tissues as a con-
sequence of PI3K inhibition, and hyperglycaemia may
develop when adequate secretion of the hormone, in pro-
portion to insulin resistance, fails to occur [19, 33]. We
might speculate that if the concentration–effect relation-
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Figure 5
Simulation of the time course of drug effect in 5000 patients taking BYL719 (A) 400 mg once daily vs. no treatment, or (B) 200 mg twice daily vs. no treatment.
All patients were assumed to have a baseline sum of tumour diameters of 10 cm. Simulation of the BYL719 plasma concentration time profile in 5000
patients taking BYL719 (C) 400 mg once daily or (D) 200 mg twice daily. The dashed line is the 50th percentile (median). The lower and upper solid lines
represent the 5th and 95th percentile of simulated data. Horizontal reference lines indicate the estimated IC50 (101 ng ml−1) and IC80 (404 ng ml−1) of BYL719
on tumour growth

Table 4
Simulation of absolute and relative drug effect at different dosing rates

Total daily
dose 400 mg

Total daily
dose 300 mg

Total daily
dose 200 mg

Total daily
dose 100 mg

QD QOD BID QD BID QD BID QD BID

Drug effect (mm week−1) −0.663 −0.145 −0.758 −0.531 −0.647 −0.293 −0.441 0.267* 0.0790
% relative to 400 mg QD 100 22 114 80 98 44 67 −40 −12

% relative to 300 mg QD 100 122 55 83 −50 −15
% relative to 200 mg QD 100 151 −91 −27

Values presented are predicted response at 20 weeks after onset of therapy (refer to Methods). BID, twice daily (total daily dose given in two instalments with a dosing interval of
12 h); QD, once daily (total daily dose given at interval of 24 h); QOD, 800 mg once every other day (dosing interval of 48 h). *Flip from growth to regression occurs between a
total daily dose of 135 and 136 mg in QD and total daily dose of 108 to 110 mg in BID.
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ship for both effects are one and the same, then a relatively
faster dynamic onset and offset of the effect on the
glucose-insulin axis relative to that on tumour size may
allow for maximizing the risk–benefit by using an
adequate dosing scheme which alters time above IC50 and
IC80. For example, at a total daily dose of 400 mg, the pro-
portion of patients experiencing sustained pathway inhi-
bition (trough >IC80) was simulated to be considerably
larger with 200 mg given twice daily compared with
400 mg given once a day (Figure 5), whilst the latter
regimen appears better tolerated based on preliminary
safety data (manuscript in preparation). Thus, assuming
the incidence and severity of drug related hyperglycaemia
might correlate with the underlying state of glucose
homeostasis in the individual, step-wise dose de-
escalation from the MTD and/or a different treatment
schedule might be a useful strategy to improve efficacy as
well as individual tolerability to the treatment. Simulations
suggest a larger difference in anti-tumour activity exists
between the once and twice daily regimens, in favour of
the twice daily regimen, at total daily doses below 400 mg.
In such cases moving from a once daily to a twice daily
regimen may offer a larger benefit in terms of change in
tumour size. This has supported the continued interest in
investigating the tolerability and efficacy of the twice daily
regimen in our clinical study.

As there was no serial tumour measurement made
before starting treatment, tumour turnover parameters
could be confounded by drug effect, and should be inter-
preted with caution. Nevertheless, the free BYL719 plasma
concentration causing 50% of maximal reduction in
tumour growth rate of 10 ng ml−1 was is in close agree-
ment with the in vitro-based inhibitory potential against
the kinase activity of recombinant PI3Kα (4.41 ng ml−1) [27]
and in Rat1-myr-p110α cells (free drug IC50 of 18 ng ml−1).
Despite the enrolment of patients with PI3KCA mutated
tumours, individual response to treatment was found to
vary greatly, as indicated by the large BSV (154%) on the
IC50. It is acknowledged that a different IC50 or BSV may
exist in a more homogenous population with respect to
cancer type, prior treatment or when BYL719 is used in
combination therapy with other anti-cancer agents.

The oral PK of BYL719 were best described by a one
compartment disposition model and transit compart-
ments accounting for the lag time in absorption. The
typical population oral clearance and volume of distribu-
tion estimates with their BSV were 10 l h−1 (BSV 26%) and
108 l (BSV 28%), respectively. Oral clearance of BYL719 was
found to be well below human hepatic blood flow (about
90 l h−1) [34]. It seems therefore reasonable to conclude
that BYL719 is a low clearance drug and hepatic first pass
extraction is not expected to restrict oral bioavailability to
a significant extent. The projected human total body sys-
temic clearance from interspecies scaling was 8–14 l h−1, in
close agreement to the oral clearance observed in this
study, suggesting that BYL719 might demonstrate high

absolute oral bioavailability, although this remains to be
demonstrated in a dedicated study.

Time-varying conditions with respect to food content
and fasting time may explain, at least partly, the BOV in
both the rate and extent of absorption. Of particular
significance are the preclinical observations in bile duct-
cannulated rats that a role for biliary and direct gastroin-
testinal secretion may exist for BYL719, with 20% of parent
drug recovered in bile and faeces after intravenous bolus
[27]. An entero-hepatic shunt, potentially triggered by
food, may underlie the moderate to high BOV in oral drug
exposure and is likely to do so through changes in F over
time. Moreover, food could also possibly increase oral
absorption, for BYL719 has a remarkable six-fold increase
in solubility in intestinal fluids of the fed vs. fasted state.
Not surprisingly, model diagnostics of the transit model
favoured parameterization with random variability on rela-
tive F rather than on disposition clearance.

In conclusion, an increased understanding of BYL719’s
potential for anti-tumour activity was derived from a
PK–PD model that described the time course of tumour
response in relation to drug exposure in the first 20 weeks
post-onset of therapy. The investigation of schedule
dependence in the drug effect through simulation
revealed little difference in tumour shrinkage between
400 mg once daily and 200 mg twice daily, while a consid-
erable loss of effect was predicted with less frequent
dosing. Model-based predictions showed potential for
additional anti-tumour activity of twice daily dosing at a
total daily dose below 400 mg. The PK–PD model provided
a valuable approach for planning future clinical studies
and for designing optimized dosing regimens with
BYL719. The good PK properties and evidence for a
concentration–effect relationship support the further clini-
cal development of BYL719.
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1
Goodness of fit plots for the population PK tlag model of
BYL719. (A) Plot of the population-predicted vs. observed
BYL719 plasma concentration. (B) Plot of individual-
predicted vs. observed BYL719 plasma concentration. (C)
Plot of the conditional weighted residual error (CWRES) vs.
time. (D) Plot of the conditional weighted residual error
(CWRES) vs. population predicted BYL719 plasma concen-
tration. The solid line in panels A and B is the line of identity
(observed=predicted)
Figure S2
Visual predictive check of the final tlag model stratified after
(A) a single and (B) multiple doses of BYL719. Results of the
visual predictive check of the final transit model stratified
after (C) a single and (D) multiple doses of BYL719. A total
of 500 simulations were performed based on each sub-
ject’s fixed effect parameters and at the time points speci-
fied in the data set. The open circles represent the
observed concentrations. The solid lines represent the 5th,
50th and 95th percentiles of the simulated data. The dotted
lines represent the 90% confidence interval about the 5th,
50th and 95th percentiles
Figure S3
Visual predictive check of the final PK–PD model. A total of
500 simulations were performed based on each subject’s
fixed effect parameters and at the time points specified in
the data set over 32 weeks. The open circles represent the
observed concentrations. The solid lines represent the 5th,
50th and 95th percentiles of the simulated data. The top and
bottom dotted line represent respectively the upper 90%
confidence interval about 95th percentile and the lower
90% confidence interval about the 5th percentile of the
simulated data
File S1
Non-compartmental PK analysis
File S2
RECIST response simulation
File S3
Determination of BYL719 in plasma
File S4
Model building steps
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