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Abstract

Balovaptan is a brain-penetrating vasopressin receptor 1a antagonist previously investigated for the core symptoms of autism
spectrum disorder (ASD). A population pharmacokinetic (PK) model of balovaptan was developed, initially to assist clini-
cal dosing for adult and pediatric ASD studies and subsequently for new clinical indications including malignant cerebral
edema (MCE) and post-traumatic stress disorder. The final model incorporates one-compartment disposition and describes
time- and dose-dependent non-linear PK through empirical drug binding and a gut extraction component with turnover. An
age effect on clearance observed in children was modeled by an asymptotic function that predicts adult-equivalent exposures
at 40% of the adult dose for children aged 2—4 years, 70% for 5-9 years, and at the full adult dose for > 10 years. The model
was adapted for intravenous (IV) balovaptan dosing and combined with in vitro and ex vivo pharmacodynamic data to
simulate brain receptor occupancy as a guide for dosing in a phase II trial of MCE prophylaxis after acute ischemic stroke.
A sequence of three stepped-dose daily infusions of 50, 25 and 15 mg over 30 or 60 min was predicted to achieve a target
occupancy of >80% in>95% of patients over a 3-day period. This model predicts both oral and IV balovaptan exposure
across a wide age range and will be a valuable tool to analyze and predict its PK in new indications and target populations,
including pediatric patients.
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Introduction

Arginine vasopressin (AVP) is a multifunctional nonapeptide
hormone that mediates a range of biological activities via
vasopressin la (V1a), 1b and 2 receptors expressed through-
out the body [1]. Biological functions of AVP include the
regulation of water retention [1], brain fluid homeostasis
[2—4] and blood pressure [5]. AVP is synthesized primarily
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in the supraoptic and paraventricular nuclei of the hypo-
thalamus, and, in addition to its peripheral functions, acts
centrally as a neurotransmitter to regulate the hypothalamic-
pituitary adrenocortical axis [6]. Central AVP activity has
been implicated in a variety of neuropsychological functions,
including the development of social behaviors and aggres-
sion [7, 8], the etiology of autism spectrum disorder (ASD)
[9-15] and the onset of post-traumatic stress disorder [16].
Furthermore, V1a receptors are expressed on neurons of the
suprachiasmatic nucleus that regulates circadian rhythmic-
ity, and alterations in circadian rhythm under V1a receptor
blockade [17] may potentially represent a novel treatment
approach for psychiatric conditions associated with a circa-
dian phase delay [18]. AVP has also been implicated in the
onset and exacerbation of malignant cerebral edema (MCE)
following acute ischemic stroke (AIS) [19-21].

Balovaptan is a brain-penetrating triazolobenzodiazepine
V1a receptor antagonist [22] originally developed and inves-
tigated as an oral agent to improve social communication dif-
ficulties in adults and children with ASD [23-25]. Balovaptan
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is a Biopharmaceutical Classification System Class I-like
molecule, with 100% oral bioavailability in adult volunteers
and a systemic exposure that is not significantly affected by
food [26]. It has a relatively high free drug fraction of ~ 13%
in plasma [22] and is primarily metabolized by CYP3A4 [26,
27]. At steady state, balovaptan shows a consistent and roughly
dose-proportional pharmacokinetic (PK) profile, with a time
to oral steady state for once-daily dosing of approximately
7 days, a steady-state T,,,,, of 34 hand at,,, of 45-47 h [26].
In contrast, following single-dose administration, non-linear
PK behavior with a non-linear C,,, and an inverse relation-
ship between dose and t,,, was observed across a similar dose
range. This difference between single dose and steady state
was observed across a broad dose range (0.5-76.0 mg for sin-
gle dose, 12-52 mg for multiple dose) and could be explained
by an inverse relationship between volume of distribution with
both dose and treatment time, and also results in a dose-related
non-proportionality in the balovaptan accumulation ratio cal-
culated based on day 1 and day 14 exposure [26]. In addition,
pediatric dosing in the phase II aVlation trial in children and
adolescents with ASD (NCT02901431) resulted in moderate
drug underexposure at the original protocol-defined dosing
[24, 28], indicating that pediatric scaling in physiologically
based PK (PBPK) modeling did not adequately predict the
clearance (CL)—age—weight relationship for balovaptan initial
dose selection in the pediatric population.

Positron emission tomography (PET) is a molecular
imaging technique used to measure the distribution of radi-
olabeled compounds. In neuroscience drug development it
is the gold standard to quantitatively assess target or recep-
tor occupancy (RO) of new chemical entities in the central
nervous system [29]. In the absence of an available PET
tracer, model-based methods in combination with in vitro
and/or ex vivo experiments and receptor binding theory can
be applied to achieve predictions of RO, as a surrogate for
efficient target site concentration.

Although no longer being considered for ASD, balovap-
tan continues under clinical investigation in other indica-
tions. The objective of this work was to develop a popula-
tion PK (PopPK) model of balovaptan using PK data from
neurotypical individuals and adults and children with ASD.
The model incorporates both non-linear exposure and age-
related CL and was used to guide adult and pediatric dosing
in ASD. Subsequently, the model has proven valuable for
other indications. We describe herein the development and
evaluation of this PopPK model, and its use to simulate brain
V1a RO time courses for dosing guidance in a planned phase
II trial of balovaptan for MCE prophylaxis (NCT05399550).

@ Springer

Methods
Derivation of the dataset

Data from five clinical studies were included in the PopPK
analysis dataset, with 370 adult and pediatric individu-
als receiving balovaptan at repeated doses between 1.5
and 52 mg once-daily (QD). The majority of individu-
als (n=321) were from the phase II ASD clinical trials
VANILLA in adults (NCT01793441; n=146) [23] and
aVlation in children and adolescents from 5 to 17 years of
age (NCT02901431; n=169) [24], with doses ranging from
1.5 to 10 mg QD, and relatively sparse PK sampling, mainly
at steady state. These phase II study data were enriched with
data from three phase I balovaptan PK studies in neurotypi-
cal adult participants, with doses ranging from 5 to 52 mg
and rich PK sampling from day 1 to steady state. This com-
bination of phase II and phase I data was considered suf-
ficiently informative to describe and estimate non-linearity
using a parsimonious approach. The studies included in the
PopPK dataset are described below:

Study NCT01418963 (phase I; neurotypical adults) was a
single-center, randomized, double-blind, placebo-controlled,
first-in-human study to investigate the safety, tolerability and
PK of balovaptan [26]. It consisted of three parts: a single-
ascending dose study, a multiple-ascending dose (MAD)
study and a food effect study. Only data from the 24 par-
ticipants in the MAD study were included in the modeling
dataset. Participants received balovaptan 12, 20, 40 or 52 mg
QD (fed) in cohorts of six per dose level for a period of
14 days. Blood samples for balovaptan determination were
obtained pre-dose and through 24 h post-dose on day 1, and
pre-dose and through 120 h post-dose on day 14, with pre-
dose samples taken on each intermediate day.

Studies NCT03579719 and NCT03586726 (both phase
I; neurotypical adults) were single-center, non-randomized,
open-label, one-sequence, two-period, within-subject stud-
ies with similar designs that investigated the effect of mul-
tiple-dose itraconazole and rifampicin, respectively, on the
PK of multiple-dose balovaptan [27]. Only data from the
control period of each study (Period 1), where balovaptan
was dosed without the concomitant agent, were included in
the modeling dataset. In Period 1, participants received oral
balovaptan at a dose of 5 mg QD (NCT03579719; fed) or
10 mg QD (NCT03586726; fasted) for 10 days. Blood sam-
ples for balovaptan determination were obtained pre-dose at
five time points up to day 10, and at fixed times up to 24 h
post-dose on day 10.

Study NCTO01793441 (VANILLA; phase II; adults with
ASD) was a multicenter, randomized, placebo-controlled,
double-blind, 12-week parallel group proof-of-concept study
to investigate the efficacy and safety of balovaptan in adult
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men with moderate/severe ASD and an intelligence quotient
(IQ)>70 [23]. Balovaptan was administered with food at
doses of 1.5, 4 or 10 mg QD. Blood samples for balovaptan
determination were collected pre-dose and at 2, 4 and 6 h
post-dose on days 1, 14 and 84.

Study NCT02901431 (aVlation; phase II; children and
adolescents with ASD) was a multicenter, randomized, pla-
cebo-controlled, double-blind study to investigate the effi-
cacy and safety of balovaptan in children and adolescents
with ASD and an IQ >70 [24]. The study comprised an ini-
tial PK study to confirm the estimated age-adjusted balovap-
tan doses yielding blood systemic exposure equivalent to
adult 4 mg QD and 10 mg QD, followed by a 24-week par-
allel two-group trial of placebo versus age-adjusted dosing
equivalent to these two adult doses. Recruitment to the 4 mg
QD-equivalent arm was subsequently halted early following
an interim analysis, while recruitment continued into the
10 mg QD-equivalent arm. Balovaptan doses received across
the various age groups over the course of both study parts
were 1.5, 2, 3,4, 5,7 and 10 mg QD, and balovaptan was
taken with or without food. Blood samples for balovaptan
determination were collected in the PK cohorts at 4 h post-
dose on day 1, pre-dose at day 10 in a subset of participants,
and pre-dose and up to 6 h post-dose at week 2. In addition,
for all patients (including the PK cohorts), samples were
taken at week 8 at one post-dose time point in the evening
(at home); and at weeks 12 and 24 pre-dose, 2 h post-dose
and at the end of the clinic visit (>4 h post-dose).

PopPK model development

Model building was conducted in NONMEM v7.4.3 ICON
Development Solutions, Ellicott City, MD, USA) using first-
order conditional estimation with interaction (FOCE-I).
Data processing and post-processing of NONMEM analy-
sis results was carried out in R v3.5.2 (Comprehensive R
Network: https://cran.r-project.org/).

One- and two-compartment disposition models with first-
order linear absorption and elimination were fitted to the
data as a starting point for further development. Allometric
scaling of CL/bioavailability (F) and apparent volume of
distribution (V/F) was added a priori, evaluating fixed ver-
sus estimated allometric exponents, to account for the wide
ranges in age and body weights, using a power relationship
based on a reference weight of 76 kg. This reference weight
was the median weight of the neurotypical adult volunteers
in the dataset, which lay between the median weight of the
adult ASD trial participants (89 kg) and the pediatric trial
participants (56 kg).

Several approaches were tested to address observed non-
linear PK behavior. Diagnostic plots from initial modeling
steps showed a trend towards a decrease in the apparent
central volume of distribution (V_/F) with increasing dose,

indicating that saturable (i.e., capacity-limited) binding
might be the underlying process. Two modeling approaches
for saturable binding were explored. The first of these was
the commonly used explicit binding model that describes a
balovaptan mass transfer between the central and a saturable
binding compartment. The second, less common approach
was an empirical model that introduces a dynamic V /F,
as a non-linear function of the balovaptan amount in the
central compartment (see Supplementary Materials for
model equations). Other approaches to model non-linearity
included non-linear elimination from the central compart-
ment, non-linear bioavailability, and eventually, an empiri-
cal gut extraction component, with a hypothetical turnover
compartment that controls the extent of gut extraction in an
exposure- and time-dependent manner.

Absorption modeling compared a first-order absorption
rate with a transit compartment absorption model (TCAM)
[30], with the food effect (fed versus fasted) included in the
structural model a priori. Inter-individual variability (ITV)
was estimated for CL/F, V /F and the absorption parameters
(K, or mean transit time (MTT)) using a diagonal OMEGA
matrix. Several residual error models were tested to charac-
terize the residual unexplained variability (RUV), including
a proportional model, a combined additive and proportional
model, and a time-varying RUV model.

Covariate analyses were undertaken for both body size
and age effects on CL/F and V/F. Lean body mass (LBM)
was estimated from body weight and height according to the
methods described by Boer [31] for male and female adults,
and by Peters et al. [32] for pediatric participants. The effect
of LBM and of body mass index (BMI) were evaluated as
potential alternatives to allometric scaling based on body
weight. Age effects were modeled as continuous relation-
ships using a power model or an asymptotic model.

Model selection criteria were based on the maximum
likelihood of model fit (objective function value (OFV)),
goodness-of-fit plots, physiological plausibility, precision of
parameter estimates, model numerical stability and the con-
dition number. The model qualification was based on accept-
able visual predictive checks [33]. Confidence intervals on
the parameter estimates were generated using a bootstrap
approach with 500 replicates.

Pediatric exposure simulations

The final PopPK model was used to simulate alterna-
tive age-based balovaptan dosing scenarios in a pediatric
and adult population with ASD aged 2 years and above.
Age—weight—sex distributions were sampled from a large
database comprised of the participants from the aVlation
and VANILLA trials together with 1000 virtual participants
aged 2-25 years from a pediatric and adult ASD population
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that was simulated in Simcyp (Certara, Inc., Princeton, NJ,
USA).

Three-thousand individual PK profiles were simulated to
derive steady-state area under the curve (AUC,,) for each
dosing scenario. The target scenario was an AUC distribu-
tion that was homogeneous across the pediatric age range
and equivalent to adult exposure at all ages. Based on the
results from these simulations, an updated age-based dosing
algorithm was proposed for future studies of balovaptan in
pediatric participants aged 2 years and above.

IV exposure and RO simulations

Plasma kinetics and brain V1a RO following intravenous
(IV) balovaptan administration were simulated to explore
dosing strategies for AIS patients in Study NCT05399550.
The target for optimal dosing and administration was a RO
of at least 80% in at least 95% of the simulated individuals
over a period of 72 h, with a subsequently rapid decline in
RO thereafter.

Simulations relied on assumptions that were derived
from data outside of the indicated administration route and
patient group. For the simulation of plasma PK profiles it
was assumed that oral CL/F and V/F were identical to IV
CL and V, based on the observation of 100% bioavailability
in healthy neurotypical adult individuals [26]; IV infusion
was therefore modeled as a zero-order input into the central
compartment with distribution and elimination unchanged
from the oral model.

For the simulation of RO, balovaptan concentration at
the brain Vla target site was assumed to be equivalent to
the plasma-free fraction, based on negligible P-glycopro-
tein extraction ratio measured in vitro [22]. In absence of
a suitable Vl1a PET tracer, balovaptan binding affinity was
estimated in an ex vivo experiment using human platelet
aggregates from whole blood. The results correlated well
with the values from the in vitro affinity of balovaptan to
the human V1a receptor and from the agonist-mediated cal-
cium fluxes in intact cells expressing human V1a receptors
using Fluorescent Imaging Plate Reader (FLIPR). Platelets
are known to express the Vla receptor [34, 35] and thus
the brain RO was modeled assuming that the brain receptor
binding constant is the same as the platelet receptor dissocia-
tion constant. Other assumptions underlying the RO predic-
tions include (i) PK in the (elderly) AIS population is not
different from the younger population used for developing
the dataset, and (ii) cerebrospinal fluid (CSF) concentration
is reflective of brain distributions.

Based on these assumptions, the PK pharmacodynamic
(PD) relationship for brain RO was simulated as:

@ Springer

Cp Xf u_plasma

= x 100
Kb + (Cp Xfujlusmu)

where RO is the percent predicted brain receptor occupancy;
C, is the plasma balovaptan concentration; f, ,j,sm, iS the
plasma-free balovaptan fraction; and K, is the dissociation
constant.

Several dosing scenarios were simulated in order to
achieve the target RO without exceeding the previously
observed PK exposure. All scenarios included a high starting
dose (50 or 60 mg) to achieve a rapid onset of high RO with-
out exceeding the highest plasma concentrations observed
in previous studies. For the follow-up doses, scenarios with
either 24- or 36-h dosing intervals were tested, resulting in
either a total of three or two doses within the 72-h treat-
ment duration. Follow-up doses between 10 and 30 mg were
evaluated. Two-thousand participants were simulated for
each scenario, assuming adult “typical” parameters includ-
ing the 76 kg reference weight of the neurotypical adults
in the model dataset. A sensitivity analysis was also per-
formed, assuming a body-weight distribution for a reference
population of mean weight 82.2 kg with an SD of 20.3 kg
and a range of 41-136 kg. These weight parameters were
derived from the first 258 patients screened for entry into the
ongoing TIMELESS study (NCT03785678) of tenecteplase
thrombolysis immediately (4.5-24 h) after AIS (unpublished
data).

Results
Building the PopPK model

The analysis dataset included a total of 3985 PK observa-
tions from 370 adult and pediatric individuals: 2685 obser-
vations from the phase II studies, and 1300 observations
from the phase I studies. PK observations below the assay’s
limit of quantitation (n=285) had been excluded from the
analysis. Demographics and balovaptan dosing information
for the 370 individuals enrolled in the five included studies
are shown in Table 1.

Balovaptan PK data for the MAD part in Study
NCTO01418963 are presented in Fig. 1, with mean observed
plasma concentrations after once-daily administration of
12, 20, 40 or 52 mg balovaptan for 14 days in neurotypical
adults. Note the slightly different accumulation patterns
and the more shallow terminal elimination phase for the
12 mg dose, compared with the higher doses, indicating
some underlying non-linearity. Mean dose-normalized
balovaptan PK profiles are presented in Fig. 2, and illus-
trate the different patterns observed after the first dose
(day 1, left column) and at steady state, in neurotypical
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adults (lower row), and in adult (upper row) and pediat-
ric (middle row) participants with ASD. The more than
dose-proportional increase of exposure on day 1 becomes
negligible at steady state for doses of 10 mg and above,
as illustrated mainly in the lower left and right panels for
neurotypical adults and is consistent with the data for the
adult ASD population. Note that the 10 mg dose in Study
NCT03586726 (lower right panel) was administered under
fasted condition, and the earlier peak illustrates the food
effect. The PK profile at 40 mg is likely confounded by
a lower body weight in that subgroup. For the pediatric
ASD population (middle row) the dose-normalized PK
profiles are less informative since pediatric age-adjusted
doses were administered in Study NCT02901431, target-
ing exposures equivalent to 4 mg or 10 mg doses in adults.

Starting with a linear modeling approach, a two-compart-
ment model was supported by the PK data, with first-order
absorption and elimination, and IIV on CL/F, V/F and on
K,. However, in this model individual estimates of V /F were
substantially correlated with dose. This non-linearity was
best addressed with an empirical binding model, describ-
ing non-linear distribution, whereas non-linear elimination,
describing CL/F as a function of balovaptan concentration,
resulted in a less significant OFV drop. The empirical bind-
ing model was selected over the explicit binding model due
to better numerical stability. However, a high condition
number indicated that the empirical model needed further

simplification for numerical stability. Removing the periph-
eral compartment resulted in full model convergence and
low condition number, indicating that after including the
empirical binding component, a one-compartment model
described the data sufficiently well without introducing
additional bias in the goodness-of-fit plots.

Absorption was best described using the TCAM
approach, with fed status increasing the MTT. This is con-
sistent with previous work demonstrating the superiority of
the TCAM approach over many first-order absorption mod-
els featuring a lag time [30], particularly in situations with
a high degree of inter- and intraindividual variability, as was
evidenced by this dataset.

A remaining bias in conditional weighted residuals ver-
sus time was eliminated through the incorporation of a gut
extraction process from the absorption compartment. The
gut extraction process is a time- and dose-dependent pro-
cess, modeled as an empirical turnover compartment (A,),
with initial value of 1, and first-order input and output rate
constants K;, and K . The value of A, is controlling the
gut extraction rate constant (K,,,), while the amount in the
absorption compartment (A,) reduces A, through stimula-
tion of K, thereby introducing a time delay between the
increase of amount in the absorption compartment and the
decrease of Kgut (see Fig. 3). Thus, with increasing amount
in the absorption compartment, through increasing dose

Oral dose Intravenous dose
Central
: Absorption TCAM
in A S Ac
) V.= f(A)
Turnover
A CL
t _

Kgut x At Ke - v

Ko X [1+£(A)]

Fig. 3 Illustration of the final PopPK model. The oral drug is dosed
into the absorption compartment (A,) from where it is absorbed with
a delay (TCAM) into the central compartment (A_) and eliminated
with a first-order process (K,). A dynamic central volume of distribu-
tion (V) reflects an empirical approach to describe capacity-limited
binding. V_ decreases as a function of the amount of drug in the cen-
tral compartment (A.), reaching its minimum when the available
(hypothetical) binding sites are saturated. This process is modeled by

A

ax X m) A gut
elimination process from the absorption compartment is controlled by
a hypothetical turnover compartment (A, that can assume values
between 1 (when A,=0) and 0 (when A, is high), with a time delay
controlled by the values of K;, and K_,. Thus, gut elimination
depends on the dose amount as well as on the dose interval for

repeated doses

the empirical function: V, =V, X (1 -VL,
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level or increasing number of repeated doses, gut extraction
decreases to insignificant levels.

Following inclusion of the empirical binding model and
the gut extraction model, there was no remaining bias in
the goodness-of-fit displays, indicating that the model ade-
quately captured the PK disposition properties. A food effect
was observed in the data and needed to be incorporated in
the model for an adequate description of the absorption time
course. However, only 4.3% of the participants with PK data
were fasted, and the food effect parameter could not be pre-
cisely estimated, which resulted in a high condition number.
The food effect on MTT was therefore fixed in the model
to an estimate of 3.39 h [26], which substantially improved
the condition number. In addition, fixing the gut extraction
degradation rate K, further improved the numerical stabil-
ity of the model. Residual variability was high immediately
after balovaptan administration, and lower after a few hours
post-dose. A time-varying RUV model was introduced, with
a mono-exponential decay from a high value immediately
after dosing to a lower level after the absorption phase, with
a half-life of 0.53 h. This time-varying proportional RUV,
together with an additive RUV fixed to a value equal to half
the lower limit of quantitation, significantly improved the
model fit and stabilized convergence.

Scaling of V /F was directly proportional to total body
weight and fixed as such, while the estimated power for
weight on CL/F was low (0.256) although statistically sig-
nificant. Substitution with BMI or LBM as alternative body
size measures for scaling CL/F and V/F resulted in worse fits
and were rejected. The relationship between CL/F and body
weight appeared to be stronger in the pediatric population
than in adults. Therefore, an empirical maturation function
for CL/F with age was tested, using a non-linear asymptotic
function describing pediatric CL/F as a fraction of adult
CL/F. This model improved the model fit, and the effect of
weight on CL/F was no longer significant.

Obtaining the final PopPK model structure
and parameters

The final model was a one-compartment structure featuring
a TCAM absorption component and a gut extraction model,
with linear elimination from the central compartment and
an empirical binding model that expresses V. /F as a func-
tion of balovaptan concentration in the central compart-
ment (Fig. 3). This model is mathematically described by
the equations:

dA

—= =Input — K,, XA, — A, X K,

dr gut X Aa
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. K, xA,—K, XA
= X = X
dt tr a e c
dA,
E = Kin _Kout XAZ X (1 +SXAa)

With the initial condition of A, setto 1, and S is the scal-
ing factor for the effect of A, on the gut extraction degrada-
tion rate K. The micro-constants of mass transfer were

defined as:

Kin = Kout
N, +1
K, =
MTT
Vv

The central volume of distribution was defined as a func-
tion of the amount in the central compartment:

AC
V.=Vyx[1-VL,, x —<—
A, + VLys

The covariate relationship of body weight (WT) on V_/F
was defined by a power model, and that of age on CL/F by
an asymptotic function:

1
CL[, =CLx[1-
( e~ AGE e % ( AGE4, — AGE) )

wT
Ve=Vex(35)
C,l VC X 76

The final model parameter estimates are shown in Table 2.

Visual predictive checks (Fig. 4) and goodness-of-fit
(Supplementary Figs. 1 and 2) demonstrated appropriate
agreement between predicted and observed data values.
Distributions of empirical Bayesian estimates plotted ver-
sus covariate values (dose, formulation, study, race, sex, age,
various body size measures) indicated an appropriate and
unbiased model fit (not shown).

Simulations were performed to explore the effects of the
non-linearity terms in the model on the adult oral balovaptan
PK profile at day 1 and at steady state (Figs. 5 and 6).

Effect of age on balovaptan PK and updated
pediatric dosing

Under the asymptotic model retained in the final PopPK
model, predicted balovaptan CL/F increases steeply with
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Table 2 Parameter estimates of the final PopPK model

Parameter Description Estimate 95% CI

CL (L/h) Apparent clearance 8.52 7.70-9.64

V, L) Apparent volume of distribution at baseline 565 468-686

MTT (h) Mean transit time 0.367 0.34-0.39

VL.« (fraction) Maximum fraction of volume decrease 0.805 0.771-0.839

VL js0 (1g) Amount in the central compartment resulting in 50% of the maximum 3.36 2.16-5.21
volume decrease

N, Number of transit compartments 5.81 4.29-7.26

Kgy (1/h) Gut extraction rate constant 1.89 1.16-2.88

Koy (17h) Gut extraction degradation rate constant 0.00205 (Fixed)

S Scaling factor for the effect of A, on K, 22.0 13.8-30.5

WTy, Effect of body weight on V|, 1.00 (Fixed)

FOODyrr Effect of food on MTT 3.39 (Fixed)

RUV 4y Maximum value of time-varying RUV immediately after dosing 1.20 0.811-1.77

RUV e Minimum value of time-varying RUV 0.216 0.201-0.232

RUV,, (1/h) RUYV decrease rate 1.32 0.992-1.670

RUV,yq Additive RUV component 0.000625" (Fixed)

AGE,,. Slope in the CL-age maturation function 0.267 0.106-0.447

AGEj, (years) Age where 50% of adult CL/F is reached 5.34 1.36-6.89

Vg Variance on CL/F 0.150° 0.120-0.177

IVyg Variance on V|, 0.0944° 0.0628-0.1320

IVyrr Variance on MTT 0.0423° 0.0232-0.0661

95% CI calculated from a 500-sample bootstrap, with 457 successful minimizations

The time-varying (proportional) RUV model was implemented as RUV,
is the proportional RUV component and TAD is time after dosing

RUV .,

' vop = RUV iy = (RUV gy = RUV,) X (1 = eRUVuaXTAD) - where

*The additive RUV component was fixed to a value equivalent to 0.025 ng/mL standard deviation, corresponding to 50% of the assay lower limit

of quantitation

PTIV values are reported as variance estimates in the log-normal distribution. Coefficient of variation was 39% for IV, 31% for IV, and 21%
for ITV . Shrinkage was 4.5% for IV, 17.4% for IV, and 40.8% for IIVypp

age to a plateau at approximately 20 years, with~90% of
adult CL/F achieved at age 14 years (Fig. 7).

Balovaptan brain RO kinetics under IV dosing

The initial simulations indicated that a starting dose of
50 mg given as a 60-min infusion resulted in rapid and
near-complete V1a RO within 30 min. The RO following
the initial dose remained above the defined target limit for
24, but not 36 h, and therefore a three-dose strategy with
dosing every 24 h was needed. The second and third dose
(at 24 and 48 h) were selected to be as low as possible to
meet the defined target limit and at the same time enable a
rapid reduction of the RO after 72 h. The dosing regimen
that was closest to meeting these criteria consisted of three
doses (50, 25 and 15 mg), administered with a 24-h interval,
and is illustrated in Fig. 8. This dosing regimen largely ful-
fills the criteria for RO with the exception that the RO falls
below the limit just before reaching the 72-h mark, which
was considered acceptable.

Table 3 summarizes simulated plasma concentrations
and brain RO at discrete time points under the same sched-
ule, along with data from the sensitivity analysis using the
heavier patient weights derived from the TIMELESS study.
The predictions for the sensitivity analysis can be seen to be
closely similar to those using the “typical” model param-
eters, including the size of the slight dip of the 5th percentile
below 80% RO at 72 h.

Discussion

We have described the development of a PopPK model for
balovaptan that is characterized by one-compartment dispo-
sition with delayed oral absorption described by a TCAM.
Time- and dose-dependent non-linearity in the balovaptan
PK profile was addressed by two model features: an empiri-
cal binding model of balovaptan that expresses the volume
of distribution as a decreasing function of the amount of bal-
ovaptan in the central compartment, and a gut extraction pro-
cess with a turnover compartment that scales the extraction
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«Fig. 4 Visual predictive checks of the final PopPK model strati-
fied by study. A NCT01418963; B NCT03586726 (10 mg)
and NCT03579719 (5 mg); C NCTO01793441 (VANILLA) and
NCT02901431 (aVlation). Median, 5th and 95th percentiles of
observed data (solid and dashed lines) are overlain to the simulated
95% confidence intervals (shaded areas). A VPC versus time since
last dose for Study NCT01418963 day 1 (left panel) and day 13 (right
panel); B VPC versus time since first dose for the steady-state PK
profiles in NCT03586726 (10 mg, upper panel) and NCT03579719
(5 mg, lower panel); C prediction-corrected VPC versus time
since last dose for the steady-state PK profiles in NCT01793441
(VANILLA, left panel) and NCT02901431 (aVlation, right panel)

rate as an inverse function of the amount of balovaptan in the
absorption compartment. The main sources of data were two
phase II studies in adult and pediatric participants (aVla-
tion and VANILLA). Additional phase I data resulted in a
dataset with doses in a range of 5 to 52 mg and with rich PK
sampling both on day 1 and at steady state, which allowed
the dose and time non-linearities in balovaptan PK to be
fully addressed.

Simulations were performed to explore the effects of the
non-linearity terms in the model on the adult oral balovaptan
PK profile at day 1 and at steady state. As seen in Fig. 5,
across a dose range of 1.5-75.0 mg QD, lower doses had a
longer predicted time to steady state and greater systemic
accumulation, and the elimination phase was exposure-
dependent, which is consistent with the dose and time effects
on balovaptan PK noted in empirical studies [26]. Figure 6A
illustrates how the non-linearity terms in the model translate
into predicted dose effects at steady state, with a greater
than dose-proportional increase in C,, and decrease in C_;
with increasing dose resulting from the non-linear volume
of distribution introduced by the empirical binding model.
Further, the derived dose-normalized AUC estimates illus-
trated in Fig. 6B show that despite these kinetic effects on
maximum and minimum drug concentrations, non-linearity
has a limited effect on steady-state overall exposure. The gut
extraction component in the model leads to slightly more
than dose-proportional AUC,, but median systemic avail-
ability across the dosing range of 1.5 mg to 50.0 mg QD is
expected to remain within — 10% and + 15% of the refer-
ence adult dose of 10 mg used in clinical studies of ASD. A
mechanistic explanation for this gut extraction component
in the model is currently lacking; however, the hypothetical
turnover compartment, which was inspired by commonly
used models for enzyme induction or inhibition, was suit-
able to address and quantify the remaining dose- and time-
dependent effect observed in the data, and exposure pre-
dictions within the analyzed dose range are expected to be
reliable.

The model therefore exemplifies an empirical, albeit
simplified, representation of capacity-limited binding in
describing a non-linear volume of distribution [36]. It is of
interest that an explicit binding model, the most common

approach to address this type of behavior, was unstable in
the modeling process, while the far less common approach
of modeling a dynamically variable volume of distribution
via empirical balovaptan binding worked well. The cause
of the non-linearity, which was first observed in early first-
in-human and bioavailability studies of balovaptan [26], is
unknown, but would be consistent with saturable binding
to peripheral V1a receptors such as on platelets [35]. These
early balovaptan data are consistent with the empirical bind-
ing model in two significant ways: firstly, in that the observed
pattern of non-linearity is consistent with the dynamic vol-
ume of distribution introduced by the model, and secondly
in that the empirical model predicts an exposure-dependent
elimination half-life (and hence time to steady state) that is
consistent with the observed data in these earlier studies. Of
relevance to any such peripheral receptor binding, it should
be noted that no obvious safety signals have been observed
to date in children or adults receiving balovaptan in phase
I-IIT clinical and pharmacology studies [23-27], and no
clinically relevant effects on cardiology, heart rate or blood
pressure were noted among neurotypical adults receiving
balovaptan 10 or 50 mg QD for 2 weeks in a cardiac safety
study (NCT03808298) [37].

The asymptotic function describing the age-related dif-
ference in pediatric versus adult clearance rates predicts
approximate adult CL/F at the age of 14 years and above.
No significant age-related effect is predicted in adults up
to the age of 65 years. Simulations from the final model
resulted in an updated dosing recommendation for pediatric
populations aged 2 to 17 years, compared with the dosing
algorithm used in the aVlation study (in which the final
age-adjusted dosing was to give adult doses to children aged
8 years and above, and 70% of the adult dose to those aged
5-7 years). The updated recommendation was to give adult
doses for children aged 10 years or above, 70% of the adult
dose for children aged 5-9 years and 40% of the adult dose
for children aged 2—4 years. These data are consistent with
observations from the aVlation trial that showed moderate
under-dosing only among children under 15 years. The origi-
nal protocol-defined dosing for children was derived using
physiology-based PK modeling, which assumed a larger age-
related effect on balovaptan clearance compared with what
was later identified [24, 28]. The majority of these children
(91% [105/116] in the PK dataset) were aged between 8 and
14 years, whose clearance values would have varied between
70 and 90% of that of adults under the final age model.

Of note, scaling by age and body size (body weight or
lean/fat-free body weight) is often considered the gold stand-
ard to describe pediatric CL and volume of distribution, rela-
tive to adult CL [38]. For children aged 2 years and above,
age-based maturation usually approaches adult levels and
body-size scaling has been discussed as optimal for dose
adjustment. In our analysis, however, body-weight scaling
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was initially included in the model, and weight-based allo-
metric scaling of the volume of distribution was supported
by the data. However, once an empirical maturation function
on CL/F was included in the model, weight-based scaling
of CL was no longer significant, which led to the conclu-
sion that body-size correction on the clearance estimate is
required for the pediatric, but not for the adult populations.
Thus, although age and body size are closely correlated in
the pediatric population, our model indicates that age-based
pediatric dose adjustment is appropriate and can be used to

@ Springer

guide balovaptan dosing to provide adult-equivalent expo-
sures in children aged 2 years and above. This finding is in
line with recent work by Cleary et al. [39] who demonstrated
higher enzyme activity in children aged 1-10 years, requir-
ing an age-based maturation function to adequately describe
pediatric PK of risdiplam. Furthermore, Upreti et al. [40]
have reported higher CYP4A4 enzyme activity for children
up to 10 years of age than predicted based on in vitro ontog-
eny data.
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Table 3 Simulated blood concentrations and brain V1a receptor occupancies over 5 days following three 60-min IV infusions of balovaptan 50,
25, and 15 mg on days 1, 2, and 3

Day 1 Day 2 Day 3 Day 5
lh 24h 25h 48 h 49h 72h 96 h

Blood concentration (ng/mL), median and 5th to 95th percentile range
Ref 76 kg 352 (215-566) 74 (23-147) 261 (176-392) 59 (17-149) 166 (107-268) 42 (12-117) 15 (3-57)
Ref 82.2+20.3 kg 332 (175-624) 74 (22-144) 254 (161-406) 61 (16-145) 167 (1-2-270) 43 (12-118) 15 (3-63)
Brain receptor occupancy (%), median and 5th to 95th percentile range
Ref 76 kg 99 (98-99) 96 (88-98) 99 (98-99) 95 (83-98) 98 (97-99) 93 (79-97) 82 (48-95)
Ref 82.2+20.3 kg 99 (98-99) 96 (87-98) 99 (98-99) 95 (83-98) 98 (97-99) 93 (78-97) 82 (46-95)

Data at 24 h and 48 h above are pre-infusion; data at 1, 25 and 49 h are immediately post-infusion
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Another feature of interest for the model is the simulation
of lower oral bioavailability at low balovaptan doses, which
is a function of the gut extraction process extracting a greater
proportion of the dose when the amount of balovaptan in the
absorption compartment is low. This results in a small dose
dependency for steady-state AUC, as well as larger dose
dependencies for steady-state C, ., and C,;, attributable to
volume of distribution effects introduced by the empirical
balovaptan binding model. These effects result in AUC
distributions at very low and very high doses within about
10-15% of the 10 mg QD reference, which is not considered
to be of clinical significance.

Given the essentially complete oral bioavailability of bal-
ovaptan at adult dosing levels, the model lends itself readily
to adaptation for IV administration, and simulations of IV
PK profiles were in good agreement with oral dosing tra-
jectories after allowing for the oral absorption delay. The
flexibility of the model for oral or IV administration is a
valuable feature as balovaptan continues in clinical develop-
ment for indications requiring both approaches. The concen-
tration—time profile following a 30-60 min IV infusion was
found to overlap well with the concentration—time profile
following oral administration once a 15-min absorption lag
time had been accounted for [26], which further supported
the validity of using the model to predict PK following IV
administration.

One important initial requirement for the model devel-
opment was that it would provide a detailed simulation of
pediatric oral drug exposures to allow definitive recommen-
dations for adult-equivalent pediatric dosing in future bal-
ovaptan studies. Another important requirement was that, in
combination with in vitro and ex vivo PD data, it was able to
simulate IV PK-PD profiles for brain V1a RO, and to guide
infusion schedules for the NCT05399550 phase II study of
MCE prophylaxis. The model successfully achieved both
these requirements, firstly providing both a three-stratum
dose adjustment schedule for very young (2—4 years), young
(5-9 years) and older children (10 + years) and secondly,
establishing a sequential stepped-dose infusion schedule to
maintain brain V1a RO over a critical 3-day period follow-
ing AIS. The PK-PD modeling process successfully identi-
fied both suitable and unsuitable dosing and administration
schedules for achieving the target RO and established that
three sequential daily infusions of 50 mg, then 25 mg and
finally 15 mg would maintain > 80% target brain RO for the
3 days, with a rapid subsequent decline. The selected target
RO was supported by evolving evidence indicating that high
RO levels of up to 90% are required for effective inhibition
of G-protein coupled receptors [41].

It should be noted that several caveats apply. The PD
modeling process necessarily incorporated reasonable—but
currently untestable—assumptions that brain tissue pen-
etration would mirror observed CSF penetration, and that
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the kinetics of brain RO would mirror observed binding
to peripheral receptors. Similarly, there is also an implicit
assumption that brain penetration and PD activity is not sig-
nificantly affected by AIS, and that stroke patients, many of
whom are elderly, will necessarily demonstrate the same
balovaptan PK profiles as the generally much younger data-
set from whom the PopPK model was derived.

In conclusion, we have developed a model of balovap-
tan PopPK that successfully incorporates both time- and
dose-dependent non-linearity and age-associated clear-
ance variability. This model is a valuable tool for analyzing
and predicting PK data for balovaptan in other indications
and target populations, and for guiding pediatric dosing to
achieve adult-equivalent systemic exposures.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10928-023-09898-0.
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