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A B S T R A C T

Acalabrutinib (Calquence®) 100mg (bid) has received accelerated approval by FDA for the treatment of adult
patients with mantle cell lymphoma (MCL) who have received at least one prior therapy. Acalabrutinib is a
substrate of PgP and CYP3A4, with a significant fraction of drug metabolized by first pass gut extraction and 25%
absolute bioavailability. The absorption of acalabrutinib is affected by stomach pH, with lower pharmacokinetic
exposure observed following co-administration with proton pump inhibitors.

During dissolution at pH values below its highest basic pKa, the two basic moieties of acalabrutinib react with
protons from the aqueous solution, leading to a higher pH at the drug surface than in the bulk solution. A batch-
specific product particle size distribution (P-PSD), was derived from dissolution data using a mechanistic model
that was based on the understanding of surface pH and the contribution of micelles to the dissolution rate. P-PSD
values obtained for various batches of acalabrutinib products in simple buffers, or in complex fluids such as fruit
juices, were successfully integrated into a physiologically based pharmacokinetic (PBPK) model developed using
GastroPlus v9.0™. The integrated model allowed the prediction of clinical pharmacokinetics under normal
physiological stomach pH conditions as well as following treatment with proton pump inhibitors. The model also
accounted for lower pharmacokinetic exposure that was observed when acalabrutinib was co-administered with
the acidic beverages, grapefruit juice, (which contains CYP3A inhibitors), and orange drink (which does not
contain CYP3A inhibitors), relative to administration with water.

The integration of dissolution data in the PBPK model enables mechanistic understanding and the estab-
lishment of more robust in vitro-in vivo correlations (IVIVC) under a variety of conditions. The model can then
distinguish the interplay between dissolution and first pass extraction and how in vivo stomach pH, saturation of
gut PgP, and saturation or inhibition of gut CYP3A4, will impact the pharmacokinetics of acalabrutinib.

1. Introduction

Bridging in vitro dissolution and in vivo absorption has been of in-
terest to regulators, academics and the pharmaceutical industry for
many years [1–3]. The establishment of valid Level A in vitro-in vivo
correlations (IVIVC) allows waiving certain clinical trials and a stronger
positioning of Quality by Design spaces [4]. There are still hurdles in
developing these correlations since the percentage of regulatory sub-
missions containing IVIVCs is only around 30% [5]. Classical IVIVCs are

mathematical relationships between in vivo absorption rate and in vitro
dissolution and this limits their applicability to certain scenarios. IVIVC
typically cannot be used to predict clinical outcomes across different
doses when there is an in vivo solubility limitation, different adminis-
tration conditions, different species or varying physiological conditions.

Finding dissolution conditions that perfectly match the in vivo ab-
sorption rates for different formulations may be complicated by the fact
that in vivo absorption can be limited by factors other than dissolution,
such as transit or permeability, and by the fact that in vivo dissolution is
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happening in an ever-changing environment. Okumu et al. relied on
dynamic dissolution methods to establish IVIVC [6] but these are rarely
used in routine QC release testing. There could also be dissolution
differences that do not result in in vivo exposure differences, as illu-
strated in the concept of safe space [7]. This precludes the establish-
ment of a classical IVIVC.

For all of these reasons, alternative methods to derive IVIVCs have
emerged based on the use of physiologically based pharmacokinetic
(PBPK) model platforms, in which the gastro-intestinal tract is de-
scribed as a series of compartments, with volumes, pH, transit times,
and surfaces that mimic the physiological reality. In these models, the
absorption rate is mechanistic, i.e. specifies the simultaneous or se-
quential events leading to absorption, including dissolution, precipita-
tion, permeation and transit. In addition, factors such as first pass gut
extraction and active influx or efflux are incorporated to the different
gastro-intestinal compartments of these models, and can modulate the
amount of drug reaching the portal vein. These IVIVCs are usually
termed “mechanistic” or “PBPK based” [2] and grouped under the
umbrella of Physiological Based Biopharmaceutics Modelling (PBBM)
[3]. They represent an interesting alternative to classical IVIVCs, since
they can incorporate the impact of physiological variables on dissolu-
tion and absorption.

The best way to integrate drug product dissolution data with PBPK
tools is a matter of debate [8,9], and some approaches may be more
appropriate for certain formulation types or certain drug properties.
The use of mathematical models, such as Weibull functions, to fit ob-
served dissolution profiles, can provide clinically relevant inputs for
immediate release or modified release formulations of Biopharmaceu-
tics Classification System (BCS) class 1 drugs, for which the in vitro and
in vivo dissolution is expected not to depend on volume or pH [10].
However, when the drug is an immediate release formulation and when
dissolution depends on medium pH and drug substance particle size,
the use of a more mechanistic model such as the Noyes-Whitney
equation to analyze dissolution and integrate it into the PBPK model is
recommended. Recently a Product Particle Size Distribution (P-PSD)
based on this approach was proposed for formulations containing lesi-
nurad, a weak acid, as the most clinically relevant method to integrate
dissolution in PBPK models [8].

For weakly basic drug substances, the impact of different stomach
pH values on the predicted human exposure is usually evaluated both
pre-clinically and clinically and modelled a priori using PBPK tools and
sensitivity analysis. If the formulation or the active ingredient is sen-
sitive to pH, the between-subject and within-subject variability of
gastro-intestinal (GI) tract pH are important factors to integrate in PBPK
simulations when assessing the equivalence of drug formulations
[11,12].

Natural variation in human stomach pH occurs throughout the day
[13,14] and following food ingestion [15]. Many patients are treated
with acid reducing agents (ARAs) or show altered stomach pH due to
race and/or age [16,17]. Diseases such as H. Pylori infections or gastric
cancer can also alter acid secretion in the stomach [18,19]. For some
drugs, stomach pH and gastric emptying time variations may limit the
extent of drug dissolution prior to absorption and may lead to varia-
bility in pharmacokinetic (PK) exposure as assessed by Cmax and/or
AUC. Recent papers point out issues associated with drug interactions
between oral targeted anticancer agents and proton pump inhibitors
[20,21], which can be overcome in certain cases by administration of
the drug with acidic beverages [22].

Most commercial in silico PBPK software platforms, including
GastroPlus™, lack certain key aspects of the dissolution process, even
when mechanistic dissolution is used. Current concerns are the con-
sideration of how bulk drug solubility drives the dissolution rate cal-
culation, the application of the same unstirred water layer (UWL)
thickness for both free drug and drug bound to micelles, and the lack of
impact of reactive media constituents on the dissolution rate calcula-
tion. As discussed in Pepin et al. [45], for substrates which react with

dissolution medium components, the diffusion and reaction rates of all
species in the UWL should be considered in the calculation of dissolu-
tion rate [23,24].

For a weak base, the influence of surface pH on surface solubility
can be important below the maximum basic pKa, and this should be
considered in some, or all of the GI-tract compartments in PBPK models,
depending on the drug pKa. For acalabrutinib (maximum basic pKa of
5.77), only the stomach compartment is impacted by differences be-
tween surface pH and bulk pH. To remediate this PBPK platform defi-
ciency in surface pH calculation, Cristofoletti et al. manually altered the
stomach pH in the physiological compartmental model to represent
surface pH in the dissolution rate calculation [11]. We have used the
same approach in this work and proposed theoretical equations to
predict surface pH from drug properties in non-buffered conditions
typical of the gastric environment. These equations could be im-
plemented as permanent features in PBPK models to calculate relevant
dissolution rates from surface pH for reactive substances [45].

The PBPK model strategy followed in this work consisted of 4 steps.
The model set-up, which was a top-down analysis of an absolute
bioavailability study where 8 subjects were dosed with 100mg aca-
labrutinib capsules and an intravenous microdose at oral dose tmax.
Following the model set-up, a sensitivity analysis was conducted to see
which parameters are most influential on acalabrutinib pharmacoki-
netics. The model verification and validation consisted of checking
whether the 8-subject population in the PBPK model could reproduce
clinical observations obtained in 16 different scenarios from 5 in-
dependent clinical studies. Finally, the model use consisted of de-
termining the safe space for drug substance particle size.

2. Materials & methods

2.1. Biopharmaceutical properties of acalabrutinib

Acalabrutinib is a BCS class II drug with biopharmaceutical prop-
erties: MW 465.5 gmol−1, true density= 1.34 gmL−1, fraction un-
bound in plasma fu,p= 2.6%, blood to plasma ratio= 0.787, pKa va-
lues= 3.54 (base), 5.77 (base) and 12.1 (acid), intrinsic
solubility= 48 μg/mL at pH 8, log P=2.0. The measured aqueous pH
solubility profile matches the theoretical profile, given by the ionization
constants and intrinsic solubility at pH 8. The solubility in Fasted State
Simulated Intestinal Fluid (FaSSIF v2) [25], and Fed State Simulated
Intestinal Fluid (FeSSIF) [26] were 0.12mg/mL and 0.67mg/mL re-
spectively. Solubility in simulated intestinal media allowed calculation
of the drug solubilization ratio, using the in-built calculation tool of the
PBPK model. The effect of micelles was also considered for the calcu-
lation of the in vivo dissolution in the software. The absolute bioavail-
ability of a 100mg acalabrutinib capsule is around 25%, with antici-
pated complete absorption. Approximately 50% drug is metabolized by
CYP3A4 first pass gut extraction and 50% drug metabolized by first pass
liver extraction (study ACE-HV-009). The percentage of total fecal ex-
creted dose recovered as unchanged drug in the feces was 1.2%, which
suggests complete absorption. There was no drug degradation in vitro
over the physiological pH range. The drug precipitation was ignored in
the model based on in vitro and in vivo evidence presented in the sup-
plementary materials.

2.2. Materials

Simulated gastric fluid pH 1.2 and pH 1.8 (SGF) were prepared
using concentrated HCl (Sigma Aldrich) and sodium chloride (Sigma
Aldrich). Double concentrated fasted state simulated intestinal fluid,
version 2, (2X FaSSIF-V2) [25] was prepared using sodium taurocholate
hydrate (Sigma Aldrich), lecithin (Lipoid), sodium hydroxide (Sigma
Aldrich), sodium phosphate (Sigma Aldrich) and sodium chloride
(Sigma Aldrich). Note that the buffer from FaSSIF-V1 [26] was used for
analytical reasons (phosphate instead of maleate as buffer salt) but with
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FaSSIF-V2 bile salt and lecithin levels. Capri-Sun™ orange drink (Kraft
Foods) used in the dissolution studies was sourced locally in the US.
Grapefruit juice (Sainsbury’s) used in the dissolution studies was
sourced locally in the UK.

Five clinical batches of acalabrutinib capsules studied were: 2.5mg
phase 1 capsule (batch NCZP), 25mg phase 1 capsule (batch NCZS),
100mg capsule phase 1 formulation (batch NVTF), two commercial
representative formulations of 100mg capsule (batch L0505009 and
batch W026394). Acalabrutinib drug substances and reference standard
were sourced internally.

2.3. Permeability

Acalabrutinib apparent permeability (Papp) was measured in bidir-
ectional Transwell™ assay, using MDCK-MDR1 cells cultured in 96 well
plates. Each well had a filter surface area of 0.11 cm2 and a cellularity
of 45,000 cells per well. All buffers used in the experiments consisted of
Hanks’ Balanced Salt Solution (HBSS) (Invitrogen, Lidingö, Sweden)
containing 25mmol/L N-2-hydroxyethyl-piperazine-N-2-ethanesulfonic
acid (HEPES) (Invitrogen, Lidingö, Sweden) adjusted to pH 7.4 (HBSS-
HEPES, pH 7.4). The apical buffer volume was 150 µL, and the baso-
lateral volume was 300 µL. Permeability was measured in both direc-
tions using drug concentrations of 1, 5, 10, 30, 50, 75, 100, 150,
200 µM. The measurements were done in triplicate. Data for amount
drug permeated was gathered at 15, 45, 90 and 120min and the ap-
parent permeability calculated after 2 h equilibration according to the
following equation:

= ×
×

P dQ
dt

10
A Capp

6

D

where dQ/dt is the slope of amount permeated versus time, A is the
filter area and CD the drug concentration in the donor compartment.
The kinetic parameters Vmax and Km for PgP were determined for aca-
labrutinib using the method of Tachibana et al. [27], with simultaneous
fitting of apical to basal and basal to apical permeability values. The
Tachibana equations calculate Km relative to the intracellular unbound
drug concentration as a function of drug donor concentration, passive
permeability and active efflux. This treatment of permeability data
provides more consistent determinations of Km values, even when ob-
tained from different cell lines. The PgP functionality of the MDCK-
MDR1 cells used for acalabrutinib testing, was assessed by measuring
the apparent permeability values of digoxin: Papp,A2B=
1.6 ± 0.4 ⋅ 10−6 cm/s and Papp,B2A= 36.6 ± 1.85 ⋅ 10−6 cm/s. These
values are not significantly different from the ones reported for digoxin
by Troutman and Thakker [28] (Papp,A2B= 1.89 ± 0.13 ⋅ 10−6 cm/s
and Papp,B2A= 35.7 ± 1 ⋅ 10−6 cm/s), which indicate similar PgP
functionality in both systems. MDCK-MDR1 cells express PgP to ap-
proximately the same level relative to the duodenum [28]. In the
chosen PBPK model, the reference PgP expression is taken for the colon
for which there is a 2-fold higher expression level compared to the
duodenum. Therefore, Vmax values determined from MDCK-MDR1 cells
in vitro were multiplied by a factor of 2 prior to entry into the PBPK
model unit converter. The apparent passive permeability from in vitro
MDCK-MDR1(extracted from the Tachibana data analysis) was scaled to
human effective jejunal permeability using cyclosporin, ranitidine and
verapamil apparent permeability values measured by Troutman and
Thakker [28] and the effective human jejunal permeability values
measured by Lennernäs [29].

2.4. Powder surface area

Acalabrutinib (approximately 1 g) was degassed under vacuum at
30 °C for a minimum of 14 h. The nitrogen sorption isotherm was de-
termined from 0.01 to 0.95 P/P0 using a Tristar 3000 surface area
analyzer (Micromeritics). The Specific Surface Area (SSA) was de-
termined by the method of Brunauer, Emmett and Teller (BET) from

sorption data collected between 0.05 and 0.30 P/P0.

2.5. Drug substance SEM images

Acalabrutinib particles were imaged by scanning electron micro-
scopy (SEM) using a Hitachi TM-1000 microscope at an accelerating
voltage of 15 kV. Samples were mounted on an aluminum stub using a
double-sided adhesive carbon conductive tape and gold sputter coated
10 nm for 3min. Images were taken at set magnifications (×50, ×100,
×250, ×500 and ×1000) so that direct comparisons between the
samples could be made.

2.6. Particle size distribution by laser diffraction

Particle size distribution was measured by laser diffraction using a
Mastersizer 3000 and equipped with an Aero S sample dispersion unit
(Malvern) and using the Fraunhofer optical model. The dispersion
pressure was set to 2 bars and the sample amount for each determi-
nation was 500mg. The instrument software was used to calculate
D(v,0.1), D(v,0.5) and D(v,0.9) for the particle size distribution which are
the particle diameters corresponding to 10%, 50% and 90% of the cu-
mulative undersize distribution (by volume).

2.7. Surface pH

The surface pH of acalabrutinib slurries was measured in unbuffered
HCl solutions of different molarities and phosphate buffer at pH 6.8
using the technique of Serajuddin et al. [30]. The results and theoretical
equations presented in detail in the companion paper [45]. The full
bulk pH solubility profile for acalabrutinib is entered in the PBPK
platform, however the stomach pH was adjusted to that of acalabrutinib
surface pH, based on previous approaches in different PBPK platforms
[11]. Using the theoretical equation for acalabrutinib, the normal de-
fault value for fasted bulk stomach pH in the PBPK model is increased
from 1.3 to 3.55 to account for surface pH. For modelling ARA treat-
ment, the stomach pH in the PBPK model is increased to pH 5.54, which
corresponds to the surface pH of acalabrutinib crystals when the bulk
pH is at 5. This pH is that of the dosing water, assuming it controls the
pH of stomach where hydrochloric acid secretion is inhibited.

2.8. Mechanistic evaluation of in vitro drug product dissolution

To integrate in vitro dissolution data from clinical batches in the
PBPK model, a mechanistic approach was used. Pepin et al. [8] have
reported several methods to integrate in vitro dissolution data in PBPK
platforms. The use of tabulated dissolution vs time data or Weibull
function fitting of dissolution data was ruled out for acalabrutinib, since
these approaches would not allow prediction of the impact of stomach
pH by changing the physiological parameters of the PBPK model. The
use of the Z-factor [31] was also ruled out, since it did not allow ade-
quate fitting of the in vitro dissolution data over the entire release time.
Instead, we have used a Product Particle Size Distribution (P-PSD),
which is calculated from in vitro product batch dissolution data. For
each batch of acalabrutinib capsules, a single P-PSD could explain all
the in vitro dissolution conditions tested, in simple and complex media
throughout the physiological pH range and in the presence of natural or
synthetic surfactants. Detailed analysis of the in vitro dissolution pro-
files and associated equations are presented in Pepin et al. [45]. For
early clinical batches, the QC method was used to extract drug product
P-PSD. For later batches, dissolution in phosphate pH 6.8 was used to
extract P-PSD.

In addition to product dissolution in simple buffers and biorelevant
media at 37 °C, the dissolution of 100mg acalabrutinib capsule batch
L0505009 was also assessed in 240mL water, grapefruit juice or orange
drink at room temperature after addition to 60mL pH 1.2 simulated
gastric fluid (SGF) preheated in a bath at 37 °C (Fig. 3). After 30min,
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300mL of a preheated double concentrated, fasted state simulated fluid
(2X FaSSIF-V2) medium were added to shift the conditions to a final
intestinal pH of 6.5 and FaSSIF-V2 composition. A USP apparatus 2
(Distek 2100) was used at 50 rpm with sampling in the SGF-beverage
phase at 10, 20, 30min and sampling in the FaSSIF-V2 phase at 45, 60,
90 and 120min. Samples were filtered immediately using 1 µm 25mm
glass fiber syringe filters (PALL) with 3mL discarded to waste. Samples
were then stabilized by immediately diluting the filtrate 1:1 with
acetonitrile. Dissolution samples were analyzed against an external
reference standard using an HPLC-UV method on an Agilent 1100 fitted
with a VWD UV detector. Mobile phases of 10mM ammonium acetate
and acetonitrile were used with gradient elution on a Phenomenex
Ultracarb ODS, column (100mm×4.6mm, 5 μm). The injection vo-
lume was 10 µL and detection wavelength was 285 nm. A P-PSD was
also extracted for dissolution of batch L0505009 in juices.

2.9. Clinical study summary

Clinical pharmacokinetic data used in the PBPK model development
and validation were from studies ACE-HV-001, ACE-HV-004, ACE-HV-
005, and ACE-HV-112 (Celerion, Tempe, Arizona, USA), ACE-HV-112
(Celerion, Lincoln, Nebraska, USA), and ACE-HV-009 (Covance,
Madison, Wisconsin, USA). All studies were carried out in accordance
with the US Code of Federal Regulations, GCP, 21 CFR Parts 50, 56, and
312, the ethical principles set forth in the Declaration of Helsinki, and
the ICH harmonized tripartite guideline regarding GCP (E6
Consolidated Guidance, April 1996) and the ethical requirements re-
ferred to in the European Union (EU) directive 2001/20/EC. The
summary of clinical design and main results for the clinical studies are
presented in supplementary Table S1.

2.10. PBPK modelling strategy

The PBPK modelling strategy is summarized in Fig. 1. The model
was built using PK data from a micro-dose human absolute bioavail-
ability study (ACE-HV-009), verified and validated with PK data from
studies ACE-HV-001 [32], ACE-HV-004, ACE-HV-005 [33], ACE-HV-
112 and ACE-HV-113. The model verification and validation consisted
of checking the ability of the model developed on the population of
ACE-HV-009, to reproduce 16 clinical outcomes of 5 independent
clinical studies by changing relevant model physiological parameters
(stomach pH and inhibition of gut CYP3A4) and drug product batch P-
PSD. For model verification and validation, the population parameters
resulting from model set up were kept the same, and no measures were
taken to adapt population co-variates or individual drug distribution
and disposition parameters to other clinical scenarios. Finally, the
model was used to predict the safe space for acalabrutinib drug sub-
stance particle size distribution.

2.10.1. PBPK model set-up
The model was set up using data from absolute bioavailability study

ACE-HV-009 cohort 1 (Table 2). Individual PK data were used to create
a population of 8 subjects for which both intravenous and oral plasma
data were available. Total clearance, volume of distribution and 3
compartment distribution micro-constants were extracted from the
eight individual IV profiles. The contribution of renal clearance was
neglected, since measured renal clearance of acalabrutinib represents 3
percent of the total clearance. For oral data, the individual hepatic first
pass extractions were calculated with the well stirred model, assuming
that total intra-venous clearance was metabolic, and using the average
acalabrutinib blood to plasma ratio measured in vitro. In the PBPK
model, the percent default values for volume occupation by water in the
small intestine and colon (40% and 10% respectively), were reduced to
7.5% and 2% respectively, to better account for measured free water
content in the small intestine and colon [8,34]. A gastric retention time
was added for each subject to match observed lag times in the

pharmacokinetic profiles and improve modelling accuracy (see sup-
plementary material). All the parameters used in the PBPK model
building, based on observed individual PK and in vitro data, are given in
Table 1.

Table 1 shows that the only drug related parameter fitted to the
individual oral profiles is the gut CYP3A4 Vmax. This parameter will
modulate the extent of drug reaching the portal vein and can be fitted to
oral absorption profiles separately from the systemic disposition para-
meters which are derived from individual intra-venous PK data. Lown
et al. [35] have reported variability in gut CYP3A4 expression. De-
pending on the marker used for CYP3A4 expression, inter-subject
variability is high, at 11-fold based on protein content, 8-fold based on
mRNA and 6-fold based on catalytic activity (1′-OH midazolam for-
mation). This heterogeneity in stomach transit time and gut Vmax were
considered in model building and are also reported in the sensitivity
analysis.

2.10.2. Sensitivity analysis
Using subject S013 of ACE-HV-009 as a representative subject from

the ACE-HV-009 study population (based on total clearance, volume of
distribution and gut CYP3A4 Vmax), several physiological and drug re-
lated parameters were varied to assess the parameters exerting the most
influence on PK. The parameters varied during the sensitivity analysis
are reported in Table 2. Cmax and AUC0−t were calculated and re-
presented versus the baseline simulation and 0.8–1.25 fold interval
around the baseline simulation.

2.10.3. Model verification and validation
Model validation assessed the ability of the ACE-HV-009 eight

subject population to provide adequate mean values for AUC0−t and
Cmax for different clinical populations, with different formulations and/
or dose or administration schemes. The systemic clearance and gut first
pass extraction of acalabrutinib are correlated and systemic clearance is
a function of subject co-variates. Running virtual trials in the PBPK
model was therefore ruled out since the software applies random var-
iation in clearance and Vmax without considering their link to popula-
tion co-variates. Predictions from the same population from ACE-HV-
009 were used without adjusting the system parameters, to test how
representative that population was of different clinical trial popula-
tions. Parameters that were varied in the model validation and those
which were kept constant are reproduced in Table 3 for each clinical
scenario tested in the validation. This table shows that the only inputs
which were varied to reproduce the clinical scenarios, were the drug
product batch P-PSD, the stomach pH, to account for dosing the drug
with and without omeprazole pre-treatment, and the scaling factor of
gut CYP3A4 Vmax. This last parameter was set to 0.3 for all individuals
when applicable, to reflect the time inhibition of gut CYP3A4 by
grapefruit juice [36].

Out of the 16 clinical scenarios simulated, 15 had measured phar-
macokinetic parameters reported in the clinic. An additional scenario
was simulated to assess the impact of grapefruit juice time dependent
inhibition of gut CYP3A4, i.e. pre-treatment with grapefruit juice and
drug administration with water.

To assess model performance, the average fold error (AFE) and
absolute average fold error (AAFE), were calculated for the prediction
of AUC0−t and Cmax across the 16 clinical scenarios tested. The average
fold error indicates whether the predicted values underestimate or
overestimate the observed values. The absolute average fold error
quantifies the absolute error from the true value.

= ×AFE 10
1
n Log predicted

observed
i
i

=
×

AAFE 10
1
n Log predicted

observed
i
i
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3. Results and discussion

3.1. Permeability of acalabrutinib

Fig. 2 shows the evolution of apical to basal and basal to apical
apparent permeability for acalabrutinib in MDCK-MDR1 versus con-
centration, and the fit obtained with the Tachibana model. The model
parameters were Vmax= 79.6 ⋅ 10−6 µg s−1, Km=5.97 µM and passive
permeability= 15.2 ⋅ 10−6 cm s−1.

Using the correlation to human Peff, the effective human jejunal
permeability for acalabrutinib was estimated at 5.4 ⋅ 10−4 cm s−1.

3.2. Dissolution of drug products and P-PSD

The 100mg acalabrutinib capsule batch L0505009 dissolution rate
in room temperature orange drink, grapefruit juice and water are
shown in Fig. 3.

The drug dissolution in juices was similar and approximately 3-fold
slower than dissolution in room temperature water, despite a similar
surface pH and surface solubility of the drug. The surface pH of aca-
labrutinib was 3.8 in SGF and orange drink, 3.6 in SGF and grapefruit
juice, and 3.9 in SGF and water. The slower dissolution rate of aca-
labrutinib in juices was in part attributed to dissolution at room tem-
perature (which could play on solubility and viscosity) and to the
presence of weak organic acids in the juice which could react with

acalabrutinib and slow down dissolution (see supplementary Table S3).
Since the model used does not account for the diffusion of reactive
species in the calculation of drug dissolution, a new P-PSD for dis-
solution of batch L0505009 in juices was fitted using the surface pH
measured in the juices and the average profile for orange drink and
grapefruit juice. Following pH shift to the FaSSIF-V2 medium, the dis-
solution of acalabrutinib is essentially halted since it becomes solubility
limited.

Dissolution of other clinical batches in simple media and fitting of
all dissolution experiments are shown in the supplementary materials
and P-PSDs extracted from fitting the dissolution data are presented in
Fig. 4.

3.3. PBPK model set-up

Study ACE-HV-009 cohort 1, comprised five male and three female
healthy human volunteers aged from 30 to 62 years old. No difference
in disposition parameters was observed based on sex. Individual ADME
parameters obtained for the eight subjects in ACE-HV-009 are shown in
Table 4. The only parameter that was individually fitted to the oral
profiles in the model was the Vmax for gut CYP3A4. As previously ex-
plained, inter-subject variability for gut CYP3A4 Vmax is expected to
range from 6 to 11-fold. The observed variability of the fitted gut
CYP3A4 Vmax is 12-fold, which is in accordance with literature values.

The fits of IV and oral plasma data are presented in supplementary

Fig. 1. PBPK Modelling strategy for acalabrutinib.
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material. From the individual PK profile analysis, the clearance and VSS
that can be calculated from Table 4 data show more than 2 and 8-fold
variability, respectively without a clear link to body weight. This sug-
gests that in the absence of intravenous data to measure these para-
meters, the prediction error of a PBPK model using clearance and dis-
tribution volume normalized by body weight would be important, and
confirms that the approach for individual modelling based on IV data is
appropriate for this compound [37].

3.4. Sensitivity analysis

The Parameter Sensitivity Analysis (PSA) data for S013 receiving a
100mg dose are presented for Cmax and AUC0−t in Figs. 5 and 6 re-
spectively. The grey horizontal dashed line represents the baseline
prediction and the grey horizontal solid lines represent the 0.8 to 1.25-
fold interval around the baseline prediction.

Sensitivity analysis shows that acalabrutinib intrinsic solubility does
not have a major influence on acalabrutinib bioavailability. A reduction
of 10-fold in intrinsic solubility at pH 7 does not lead to a major re-
duction in bioavailability (about 40% reduction in Cmax and AUC).
Since acalabrutinib is a diprotic base, solubility in acidic conditions is
high enough to ensure complete dissolution of the 100mg dose, even
with reduced intrinsic solubility. Furthermore, the absence of

precipitation upon gastric emptying increases the safety margin for the
impact of a reduced intrinsic solubility.

In addition, Vmax and Km for efflux transporters are not anticipated
to impact exposure within the ranges tested in Table 2. With the 100mg
dose, efflux transporters are saturated, and therefore the impact of
changing the scaling factor for efflux transporters on predicted ex-
posure is limited.

The volume of liquid in the small intestine and gut CYP3A4 Km
scaling factors are anticipated to lead to variations in Cmax and AUC
within the 0.8–1.25 fold range of baseline. Stomach transit time has a
stronger effect on Cmax than AUC as expected and the negative corre-
lation of AUC and stomach transit time can be attributed to larger first
pass extraction due to dilution. In reality, acalabrutinib capsules dis-
solve in the stomach and are retained until the stomach content is ra-
pidly released, leading to observable lag-times in the individual PK
profiles. The drug permeability, gut CYP3A4 Vmax scaling factor, and
pH are expected to lead to the largest variations in Cmax and AUC. Since
on average, approximately 50% of the dose is metabolized by first pass
gut extraction, the impact of changes in CYP3A4 expression or activity
in the gut is significant. Similarly, pH is anticipated to have strong
impact on acalabrutinib exposure. A pH increase from acidic to neutral
is anticipated to reduce Cmax by 10-fold and AUC by 2-fold.

The system parameters that are most influential are stomach pH on
Cmax and AUC0−t, and stomach transit time on Cmax. The drug para-
meters that are most influential are permeability and gut CYP3A4 Vmax
scaling factors on both Cmax and AUC0−t. In a cross-over trial with a
wash-out period, the 2 latter parameters are expected to be constant. The
sensitivity of Cmax and AUC to acalabrutinib permeability is explained by
the large amount of drug metabolized by first pass gut extraction (50%
on average). Even if the extent of absorption does not vary significantly
for a 100mg dose in the effective permeability range tested, the rate at
which the drug crosses the gut membrane will contribute to determine
the extent of first pass extraction for a given subject. For subject S013,
varying the Peff from 2.7 to 10.8 ⋅ 10−4 cm s−1 does not significantly alter
the fraction absorbed which goes from 94% to 99.8% but significantly
reduces the gut first pass extraction from 76% to 45%.

To understand variability in clinical PK data, important parameters
to measure are the stomach pH, acalabrutinib permeability, gastric

Table 1
Drug related parameters for the PBPK model.

Parameter (unit) Selected value Justification

Molecular weight (g mol−1) 465.5 From structure
pKa values in physiological range 3.54 (base) and 5.77 (base) Measured in vitro
Log P 2.0 Measured
Diffusion coefficient 10−9 cm/s 0.6069 Calculated by model based on density and molecular weight
True density (g/mL) 1.34 Measured
Intrinsic solubility @ pH 8 (μg/mL) 48 Measured
Aqueous solubility vs pH Calculated from intrinsic solubility data Calculated by model and in accordance with measured data
FaSSIF-V2 solubility (mg/mL) 0.12 Measured
FeSSIF solubility (mg/mL) 0.67 Measured
Precipitation time (s) 100,000 See supplementary material
Fraction unbound in plasma (%) 2.6 Measured in vitro in human plasma
Blood to plasma ratio 0.87 Measured in vivo in human blood
Effective permeability 10−4 cm/s 5.4 Constant from MDCK-MDR1 data (see Section 3.1)
Bile salt effect for dissolution ON NA
Solubilization ratio (no unit) 1.2E4 Calculated by model based on FaSSIF-V2 & FeSSIF solubility data
The diffusion coefficient is adjusted for bile salt

effect
ON Default model option

Dissolution model Johnson model with a maximum diffusion layer
thickness of 30 µm

Default model mechanistic dissolution model

Gut Vmax CYP3A4 (mg s−1) Variable Fitted to individual oral profiles from ACE-HV-009
Gut Km CYP3A4 (mg/L) 20 Constant fitted to oral profiles from ACE-HV-009
Drug substance particle size P-PSD extracted from in vitro product dissolution

data
See Section 3.2

Gut Vmax P-gp (mg/s) 4.22E-03 Constant and extracted from in vitro data from MDCK-MDR1 cells
(see Section 3.1)

Gut Km P-gp (mg/L) 2.78 Constant and extracted from in vitro data from MDCK-MDR1 cells
(see Section 3.1)

Table 2
Sensitivity analysis for acalabrutinib exploring physiological and drug related
parameters.

Param Name Lower Limit Baseline Upper Limit

Peff (10–4 cm/s) 2.7 5.4 10.8
Solubility (mg/mL) 0.0048 0.048 0.48
Volume of fluid Small Intestine (%) 3.75 7.5 15
Stomach transit time (h) 0.125 0.25 0.5
Stomach pH 0.5 3.55 8
Efflux Km scaling factor 0.5 1 2
Efflux Vmax scaling factor 0.5 1 2
Gut Km scaling factor 0.5 1 2
Gut Vmax scaling factor 0.5 1 2
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emptying rate, and CYP3A4 activity. Although it is easy to measure
stomach pH in fasted and fed states with technologies such as the
Smartpill® [38] or Intellicap® [39], the gastric emptying rate can only
be measured using systemic markers or imaging technology [40].

Alternatively, gastric-retention times can be inferred from the PK
profiles of the drug itself, when clear lag times are observed in the PK
profiles [8,10] or from a co-administered drug. For a largely pre-sys-
temically metabolized drug, it is important to confirm that no meta-
bolite appears in the blood prior to the parent drug, which could be one
reason for a “lag time”. For acalabrutinib, lag times observed for parent
compound were also observed for the metabolite ACP-5862, indicating
no absorption is taking place during the lag time (data not shown).

For drug permeability, no true marker of in vivo permeability exists,
since for highly permeable compounds, the in vivo absorption rate is
usually a marker of gastric-emptying. If gastric emptying is assessed
separately with an appropriate marker and introduced in a mechanistic
PBPK model, then permeability can be estimated from the oral plasma
profiles from the PBPK model. Finally, independent determination of
individual variability in CYP3A4 activity may soon be possible [41,42],
however current biomarkers lack the resolution needed to determine
inter-subject variability when the population is homogeneous, i.e. when
there is no major induction, inhibition or genetic polymorphism that
controls expression [43,44].

In conclusion, the PBPK model set-up used a top-down approach on
oral and IV PK data obtained from 8 individual subjects to build a re-
presentative population for acalabrutinib. The only parameters that
were fitted were the observed stomach retention times and gut CYP3A4
Vmax due to lack of appropriate biomarkers and since they are known to
vary within subjects. All other parameters were kept constant in the
model.

3.5. Model verification and validation

The PBPK model was validated with five independent clinical trials
ACE-HV-001, ACE-HV-004, ACE-HV-005, ACE-HV-112, ACE-HV-113
and sixteen different clinical scenarios (Table 3). These disparate data
tested the ability of the model to simulate independent clinical data,
obtained from different populations, formulations, doses, administra-
tion with acidic juices, or with higher stomach pH due to co-adminis-
tration with proton pump inhibitors. Fig. 7 compares predicted versus
measured Cmax and AUC0−t.

The agreement between measured and predicted AUC is very good
throughout the clinical scenarios tested including study ACE-HV-005.
For AUC predictions, the AFE and AAFE are 0.72 and 1.39 respectively.
For Cmax, the agreement is very good, except for study ACE-HV-005
where the predicted Cmax is over-estimated. Individual PK profiles ob-
served in study ACE-HV-005 show that 32% of the subjects of the

Fig. 2. Bi-directional permeability values of acalabrutinib in MDCK-MDR1 cells
measured and fitted with Tachibana model.

Fig. 3. Dissolution rate of 100mg acalabrutinib capsule batch L0505009 in
60mL SGF+240mL orange juice or grapefruit juice added at room tempera-
ture. Shift to FaSSIF-V2 medium at t= 30min (dashed line). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. P-PSD for batch L0505009 in pH6.8 buffer and orange drink or grapefruit juice, batches NCZS, NCZP, NVTF in HCl 0.1 N and W026394 in pH6.8 buffer. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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100mg arm, and 81% of the subjects of the 400mg arm, present
multiple peaks or shoulders during the drug absorption phase, which
are typical of multiple phases of gastric emptying. Partial or multiple
phase gastric emptying can profoundly reduce measured plasma con-
centrations and explain why the predictions obtained with the model
(where a single-phase gastric emptying is applied) over-estimate the
observed Cmax values whilst providing for a good AUC estimate for
study ACE-HV-005. Acalabrutinib capsule batch L0505009 dosed in
ACE-HV-005, was also dosed in ACE-HV-009 and ACE-HV-112 where

no occurrence of multiple absorption peaks was observed, ruling out
any influence of the acalabrutinib capsule formulation on the occur-
rence of multiple peaks. In ACE-HV-005 study (thorough QTc study), a
large number of dosage forms were administered, including acalabru-
tinib placebo capsules and moxifloxacin active or placebo tablet. In the
arms reported in this work, a total of four size 1 gelatin capsules
comprising active acalabrutinib or placebo and 1 moxifloxacin placebo
tablet (size of 17×7mm) were administered in the fasted state. When
only considering the 400mg PK data where no double peaks are

Table 4
Individual disposition parameters by subject for cohort 1 ACE-HV-009.

Subject S007 S008 S009 S010 S011 S012 S013 S014

BMI (kgm−2) 28.6 24.5 27.9 24.6 21.4 23.0 24.0 26.8
BW (kg) 88.8 71.9 74.5 87.8 79.5 65 65.8 75.9
CLH (L h−1 kg−1) 0.296 0.580 0.365 0.486 0.692 0.694 0.494 0.380
Vc (L kg−1) 0.0861 0.1825 0.0701 0.3002 0.2389 0.2447 0.1940 0.1321
k12 (h−1) 4.080 1.891 6.143 0.962 2.417 1.363 1.522 3.900
k21 (h−1) 1.955 1.911 2.651 2.249 1.633 1.645 1.882 3.700
k13 (h−1) 0.144 0.397 0.305 0.178 0.312 0.049 0.226 0.182
k31 (h−1) 0.164 0.042 0.044 0.078 0.033 0.146 0.044 0.026
Vmax CYP3A4 (mg s−1) 6.2 1.8 5.5 1.0 0.5 2.6 4.7 5.8
Km CYP3A4 (μM) 20 20 20 20 20 20 20 20
Peff (cm s−1× 10−4) 5.4 5.4 5.4 5.4 5.4 5.4 5.4 5.4
Vmax PgP (mg s−1×10−3) 4.22 4.22 4.22 4.22 4.22 4.22 4.22 4.22
Km Pgp (μgmL−1) 2.78 2.78 2.78 2.78 2.78 2.78 2.78 2.78

Fig. 5. Parameter sensitivity analysis probing physiological and drug dependent variables for Cmax of 100mg acalabrutinib capsules in subject S013.

Fig. 6. Parameter sensitivity analysis probing physiological and drug dependent variables for AUC of 100mg acalabrutinib capsules in subject S013.
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observed (N=8 subjects), the measured Cmax increases to 2532 +/−
1042 ng/mL; therefore, model predictions are not significantly different
from observed values.

When Cmax data for ACE-HV-005 are omitted, the predictions for

Cmax obtained with the model are accurate. The AFE and AAFE over the
14 remaining scenarios are 0.92 and 1.17 respectively. A focus on the
effect of orange drink, grapefruit juice, proton pump inhibitor (ome-
prazole) and formulation is provided in Fig. 8, which shows the pre-
dicted versus measured AUC0−t and Cmax for ACE-HV-112, ACE-HV-
113 and ACE-HV-004.

For orange drink, it is the slower stomach dissolution that drives the
incomplete absorption in vivo. Similar to in vitro dissolution, if in vivo
drug dissolution is not complete upon stomach emptying for the juices,
the overall in vivo absorption is reduced compared to acalabrutinib
given with water. Acalabrutinib intestinal solubility is too low enable
the dissolution of the drug that has not dissolved in the stomach. A
sensitivity analysis was conducted on the gastric retention time for si-
mulations of drug administration with juice. This revealed that the
extent of dissolution increases with longer time spent in the stomach,
which leads to drug exposure in line with what is observed when the
drug is administered with water.

Acalabrutinib in grapefruit juice has similar in vitro dissolution to
orange drink and predictions of in vivo absorption rate and extent are
similar for both juices. As grapefruit juice results in time dependent
inhibition of CYP3A, an exposure higher than that observed for orange
drink is predicted when dosing the drug following grapefruit juice pre-
treatment, since the fraction of drug escaping first pass gut metabolism
is larger. This is well captured by the model for both Cmax and AUC.

The impact of omeprazole and of formulation on exposure is well
illustrated by comparing studies ACE-HV-112 and ACE-HV-004. In study
ACE-HV-004 the dissolution of the 100mg phase I capsule (NVTF) was
slow in the QC dissolution medium resulting in large predicted P-PSD.
Conversely, in study ACE-HV-112, commercial representative 100mg
capsule batch L0505009 had a rapid dissolution rate in aqueous buffers
leading to a small predicted P-PSD. By just changing the P-PSD in the
model and stomach pH to reflect the omeprazole pre-treatment where
appropriate, the PBPK model provided for a good prediction of the im-
pact of formulation and stomach pH on the exposure to acalabrutinib.

In conclusion, the PBPK model developed from ACE-HV-009 can
predict the effect of different formulations, different stomach pH con-
ditions, the co-administration of specific beverages and/or the admin-
istration of gut CYP3A4 inhibitors on human exposure to acalabrutinib
and was considered useful for prediction of the safe space for drug
substance particle size.

3.6. Model application to define drug substance PSD safe space

The particle size specification for acalabrutinib was informed by
clinical batch experience and by constraints related to product content
uniformity. The PBPK model was used to define the safe space for this
material property. Dissolution models within PBPK models assume

Fig. 7. Predicted and observed Cmax (upper panel) and AUC0-t (lower panel) for
the 16 different clinical scenarios of Table 3. The solid line represents unity and
dashed line the correlation. Horizontal bars represent +/− 1SD. Orange
symbols are Cmax values for ACE-HV-005. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. Predicted vs measured AUC0−t (upper panel) and Cmax (lower panel) in
ACE-HV-112, ACE-HV-113 and ACE-HV-004 for various dosing conditions.

Fig. 9. Measured SSABET vs calculated SSA for selected batches. Closed symbols
show calculations from laser diffraction data and open symbols from dissolution
of drug product (P-PSD).
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spherical particle morphology for drug substances, which typically
develop lower surface area than true particles, the shape of which may
be very different from a sphere. Hence the ratio between the drug
substance surface area available for dissolution, and the drug substance
surface area calculated by PBPK models on the basis of spherical mor-
phology, needs to be established. Evaluations were conducted to link
drug substance particle size, as measured by laser diffraction (the ma-
terial attribute upon which the specification is set), and drug product
dissolution.

The theoretical drug substance specific surface area was calculated
from the following equation, where di is the individual spherical par-
ticle diameter for each bin (µm) measured by laser diffraction or fitted
from drug product dissolution data (P-PSD), fi is the mass or volume

fraction in each bin and, ρS is the true crystal density in (g cm−3).

= × ×SSA 1 f 6
dcalc

S 1

n

i
i

The measured versus calculated specific surface area for selected
acalabrutinib drug substance batches is presented in Fig. 9, where there
is an approximately 2.5-fold ratio between true surface area presented
by acalabrutinib batches, and the surface area calculated on the basis of
spherical particle morphology using laser diffraction data or P-PSD.

The ratio of approximately 2.5 can be explained by the non-sphe-
rical shape of the primary acalabrutinib particles, which are able to
develop a larger surface area than an equivalent diameter sphere. This
ratio is well preserved for the various drug substance batches

FP000180 C657/1 

FP000264 C657/2 

FP000298 C657/3 

Fig. 10. SEM photographs of selected acalabrutinib drug substance batches.
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manufactured during development, except for batches FP000180,
FP000298 or FP000221, for which laser diffraction under-estimates
even more the measured specific surface area. These batches show
higher levels of aggregation of primary particles compared to the others
(Fig. 10). For drug products, manufactured with drug substance batches
that show particle aggregation, the prediction of surface area from
dissolution derived P-PSD brings these batches closer to the overall
correlation.

Since parameter sensitivity analysis in the PBPK model is conducted
with only one bin for particle size, the calculation of a “surface-
equivalent” diameter is needed for each batch, to be able to compare
the proposed acceptable limit with real batch data. The following
equation is used with all parameters described previously.

= ×d 1 6
SSAeq

S

A sensitivity analysis was undertaken with each subject of study
ACE-HV-009, to evaluate the impact of the drug substance particle size
on exposure using spherical particle morphology and only one bin.
Simulations were run under normal stomach pH conditions (Fig. 11).

The PSA results shown for Cmax and AUC in Fig. 11, indicate that a
spherical particle diameter up to 270 μm would lead to exposure dif-
ferences of less than 5% for both Cmax and AUC, as compared to a 20 µm
diameter size reference. This limit size of 270 μm is 2 to 5 times above
the observed equivalent diameters for batches of acalabrutinib, whether
using measured drug substance surface area, laser diffraction or dis-
solution data calculated surface area to derive the particle size (Fig. 12),
and illustrate the safe space for drug substance particle size.

3.7. Decision tree for dissolution data integration

Currently, several methods are available to integrate dissolution
data of immediate release dosage form into a PBPK model. The ap-
proach outlined in this paper can be schematically presented in the
following strategy (Fig. 13).

For immediate release products, determination of dissolution in
discriminant conditions is needed to establish the link between product
dissolution and drug substance particle size. This link is important to
ascertain, since the surface area developed by drug substance batches
may be significantly higher than calculated by PBPK models on the
basis of laser diffraction data using spherical particle morphology. P-
PSD batch data should be compared with particle size data of the drug
substance used for product manufacture, since the manufacturing pro-
cess and excipients may lead to changes in the drug substance surface
available for dissolution. For acalabrutinib drug product a 2-fold un-
derprediction of in vitro dissolution rate was shown using drug sub-
stance particle size distribution as an input to predict dissolution.

Adaptations to current PBPK models are required in some situations.
These mainly include the use of surface pH in the compartments of the
gastro-intestinal tract where the drug is reactive. For a weak base such
as acalabrutinib where the maximum basic pKa is less than 6, only the
stomach is concerned with pH adjustment. For stronger bases, if the
basic pKa is higher than 6, pH adaptations in more or all the GI-tract
segments may be needed.

The approach illustrated in this paper and previously for a weak
acid [8], show that the derivation and use of a P-PSD for each product
batch as an input to PBPK modelling platforms is clinically relevant,
even when it is derived from QC method dissolution experiments, and
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Fig. 11. Cmax (left) and AUC (right) for each subject of ACE-HV-009 vs particle diameter, relative to values observed for a 20 µm diameter reference. Dotted line is a
95% exposure threshold relative to the reference.

Fig. 12. Limit sphere diameter (horizontal dashed line) vs batch equivalent diameters.
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can be used to predict important clinical study outcomes, such as the
impact of formulation changes, different gastro-intestinal pH condi-
tions, or the administration of different fluids with the drug [11]

4. Conclusions and perspectives

This work demonstrates the utility of the Product Particle Size
Distribution (P-PSD) extracted from in vitro data as an input to a PBPK
model. In simple media, using the right surface pH, they provide a
meaningful tool to bridge between in vitro and in vivo drug product dis-
solution. For acalabrutinib, a weak diprotic base, the consideration of
surface pH to explain in vitro and in vivo dissolution is needed, but
GastroPlus v9.0 or Simcyp v15 cannot currently calculate this value.
Manual alteration of the stomach pH can help circumvent this issue for
acalabrutinib, but the integration in PBPK models of drug related surface
pH calculations, in all the segments of the GI-tract based on the drug
solubility, ionization constants, and molecular weight, would represent
an improvement to calculate the in vivo dissolution of reactive drugs
without having to manually change the physiological pH conditions.
Despite these limitations, PBPK models appear to be good candidates to
predict the outcome of Acid Reducing Agents (ARAs) studies which are of
importance for weak bases or to understand the impact of natural pH
variations in the stomach [11]. Because the P-PSD is based on a me-
chanistic understanding of in vitro dissolution, the prediction of clinical

ARA study outcomes can be done by simply changing the stomach pH. In
addition, since the P-PSD is batch specific, it can also be used to capture
the effect of changes in the formulation on the human PK.

Verification of the dissolution performance of drug product in
simple and complex media is encouraged, including beverages used in
the clinic or in the day to day administration of the drugs, since surface
reactions during dissolution in certain beverages can be slower than in
water. The clinical observations reported in the literature where drug
exposure is reduced with fruit juices are qualitatively explained in most
cases by invoking transporter interactions with juice components. Some
of these reported cases concern weakly basic drug substances with low
intestinal solubility, that may react with juice acid components in the
stomach. For these drugs, dissolution testing in juice may offer alter-
native explanation to the impact of juice on the drug pharmacokinetics
using the approach illustrated in this paper.

Currently, mechanistic dissolution equations present in most PBPK
models, excepted for GCoas v1.1 (Process Systems Enterprise Ltd.), do
not consider the impact of fluid components on dissolution rate. In
addition, since sodium bicarbonate, the biologically relevant buffer, is
different from the buffers used in vitro, a more accurate calculation of in
vivo dissolution would benefit from integrating these parameters.

Finally, the understanding and modelling of individual pharmaco-
kinetic profiles would benefit from the development and use of adapted
biomarkers. Fitting of average PK profiles is sometimes confounding,

Fig. 13. Integration of drug product dissolution data in PBPK.
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especially for a rapidly cleared product or when the drug shows vari-
able lag times in its absorption phase. Simple biomarkers for stomach
pH and transit time should be used to support the mechanistic under-
standing of individual PK profiles in addition to intra-venous micro-
dosing information when required.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejpb.2019.07.011.
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