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Abstract

Background Esketamine nasal spray is approved for treatment-resistant depression.

Objective The objective of this study was to characterize the pharmacokinetics of esketamine and noresketamine in healthy
subjects and patients with treatment-resistant depression.

Methods Esketamine and noresketamine were measured in > 9000 plasma samples collected from 820 individuals who
received esketamine by the intranasal, intravenous, and oral routes. An open linear model for esketamine (three compart-
ments) and noresketamine (two compartments) that included a hepato-portal compartment was developed using NONMEM®
VII. The effects of covariates on esketamine pharmacokinetics and a model evaluation were performed using conventional
methods.

Results The fraction of a 28-mg intranasal dose absorbed through the nasal cavity (FR,) is 54% (100% of this fraction is
completely absorbed); the remaining 46% is swallowed and undergoes intestinal and first-pass metabolism and 18.6% of the
swallowed dose reaches the systemic circulation. The absolute bioavailability of 56 and 84 mg of intranasal esketamine is
54 and 51%, respectively. Esketamine volume at steady state and clearance were 752 L and 114 L/h, respectively. Noresketa-
mine volume at steady state and apparent clearance were 185 L and 38 L/h, respectively. Relative to non-Asian subjects,
Asian subjects showed a 64.0 and 19.4% decrease in the esketamine elimination rate constant and noresketamine apparent
clearance, respectively. Japanese subjects exhibited a 34% increase in FR,, vs other races. Hepatic blood flow decreased by
21.9 L/h for each decade in age in subjects aged > 60 years. These changes resulted in esketamine and noresketamine maxi-
mum concentration and area under the concentration—time curve after 24 h post-dose values that were up to 36% higher than
those observed in other races or in younger adult subjects.

Conclusions Esketamine and noresketamine pharmacokinetics was successfully characterized in healthy subjects and patients
with treatment-resistant depression. The model quantified esketamine absolute nasal and oral bioavailability, its hepatic flow-
limited clearance and biotransformation to the major metabolite noresketamine, and the influence of intrinsic and extrinsic
factors on esketamine pharmacokinetics.

Clinical trials registration numbers of the studies included in the analysis: ESKETINTRD1001 (NCT01780259),
ESKETINTRD1002 (NCT01980303), ESKETINTRD1003 (NCT02129088), ESKETINTRD1008 (NCT02846519),
ESKETINTRD1009 (NCT02343289), ESKETINTRD1010 (NCT02568176), ESKETINTRD1012 (NCT02345148),
54135419TRD1015 (NCT02682225), ESKETINTRD2003 (NCT01998958), ESKETINSUI2001 (NCT02133001),
ESKETINTRD3001 (NCT02417064), ESKETINTRD3002 (NCT02418585), and ESKETINTRD3005 (NCT02422186).
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The well-stirred model was used to characterize the
esketamine first-pass metabolism due to drug-metab-
olizing enzymes in the intestine and liver and enabled
the quantification of esketamine absolute nasal bioavail-
ability (56 mg: 54%; 84 mg: 51%) and its hepatic flow-
dependent clearance.

The population pharmacokinetic model successfully
described the time course of esketamine and noresketa-
mine plasma concentrations and their variability in
healthy subjects and patients with treatment-resistant
depression. After intranasal administration, the abso-
lute bioavailability is 63, 54, and 51%, for 28-, 56-, and
84-mg esketamine doses, respectively. Esketamine and
noresketamine demonstrated linear elimination, no accu-
mulation with twice-weekly dosing and time-independ-
ent pharmacokinetics.

1 Introduction

Major depressive disorder affects more than 300 million
people and is the leading cause of disability worldwide;
this common condition is also associated with a 10-year
reduction in life expectancy [1, 2]. Nearly all monoamine-
based pharmacological drug classes available for the treat-
ment of depression take several weeks to show efficacy [3].
About 30% of patients with major depressive disorder do
not respond despite treatment with different antidepres-
sant medications and are considered to have treatment-resist-
ant depression (TRD), which is associated with chronicity,
functional disability, and increased morbidity [4]. There-
fore, a significant need exists for fast-acting novel treatments
based upon relevant pathophysiologic pathways underlying
major depressive disorder for the rapid relief of depressive
symptoms, especially in patients with TRD.

Esketamine, the S-enantiomer of ketamine, is a N-methyl-
D-aspartate receptor antagonist which when administered in
the antidepressant dose range, transiently increases the gluta-
matergic transmission [5-7] leading to a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor activation [8].
Esketamine nasal spray (Spravato™) has been approved for
use in conjunction with an oral antidepressant in the treatment
of TRD in the USA, Europe, and many other countries [9].
Marketing authorization was based on studies in adults with
TRD that demonstrated a flexibly dosed nasal esketamine
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spray plus a newly initiated oral antidepressant produced a
statistically significant and clinically meaningful reduction
in depressive symptoms, demonstrated by the change in
Montgomery—;\sberg Depression Rating Scale total score,
as compared to a placebo nasal spray plus a newly initiated
oral antidepressant [9, 10]. An effect of esketamine on the
reduction of depression symptoms was observed as early as
24 h post-dose [9, 11, 12].

The esketamine pharmacokinetic (PK) profile in plasma
following intranasal administration was characterized by
fast absorption, moderate absolute bioavailability, high
clearance, and a large volume of distribution [13, 14].
After intranasal administration in humans, the expected
time to reach peak plasma concentration for esketamine is
20-40 min after the last nasal spray of a treatment session,
after which esketamine plasma concentrations declined
rapidly, with a mean terminal half-life of 7—12 h [13].
There was no accumulation of esketamine in plasma after
repeated administration following twice-weekly intrana-
sal administration or less frequently. Esketamine expo-
sure increased with the dose from 28 mg to 84 mg. The
increase in maximum concentration (C,,,) and the area
under the concentration—time curve (AUC) values was less
than dose proportional between 28 and 56 mg and 28 and
84 mg but was nearly dose proportional between 56 and
84 mg.

Esketamine is extensively metabolized by the
cytochrome P450 enzymes (CYP), mainly 3A4 and 2B6.
N-demethylation of esketamine to form noresketamine is
the major metabolic pathway [15]. Noresketamine is fur-
ther metabolized by CYP-dependent pathways. After intra-
venous and oral administration of esketamine, the AUC
from time zero to infinity for this metabolite was higher
than that of esketamine, particularly after the oral route,
but had a mean terminal half-life comparable to that of
esketamine [16]. Following intravenous or oral administra-
tion of radiolabeled esketamine by human subjects, >78%
of administered radioactivity was recovered in urine [13].

This article describes the population PK analysis conducted
to characterize the plasma concentrations of esketamine and
noresketamine in healthy subjects and patients with TRD. In
addition, the interindividual variability (IIV) and the effects
of intrinsic and extrinsic factors on PK parameters of esketa-
mine and noresketamine were also evaluated. The result of
the current analyses increased our understanding of the phar-
macokinetics of esketamine and noresketamine following
nasal administration, by integrating relevant PK information
across multiple routes of administrations and dose levels,
and by assessing the impact of intrinsic and extrinsic fac-
tors on the esketamine and noresketamine pharmacokinetics
in healthy subjects and patients with TRD. The population
PK model developed proved critical for elucidating the expo-
sure-response relationships and guiding the dose selection.
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2 Methods

2.1 Clinical Studies, Sample Collection,
and Bioanalytical Method

Rich and sparse plasma concentration data of esketa-
mine and noresketamine obtained from 13 clinical stud-
ies, for which the entrance criteria are detailed else-
where (ESKETINTRD1001 [17], ESKETINTRD1002
[18], ESKETINTRD1003 [19], ESKETINTRD1008
[20], ESKETINTRD1009 [21], ESKETINTRD1010
[22], ESKETINTRD1012 [23], 54135419TRD1015
[24], ESKETINTRD2003 [25], ESKETINSUI2001 [26],
ESKETINTRD3001 (TRANSFORM-1) [27], ESKETIN-
TRD3002 (TRANSFORM-2) [28], and ESKETIN-
TRD3005 (TRANSFORM-3) [29]), were pooled for the
population PK analysis. The clinical studies were selected
based on the available PK data from single and multiple
intranasal dosing, as well as intravenous (IV) and oral
(PO) administration. Table 1 provides a summary of the
study characteristics as well as specific time points the PK
samples were collected. The concentrations of esketamine
and noresketamine in plasma were measured using a vali-
dated liquid chromatography-tandem mass spectroscopy
method. The lower limit of quantitation was 0.5 ng/mL for
esketamine and noresketamine.

All studies were conducted in accordance with princi-
ples for human experimentation as defined in the Declara-
tion of Helsinki and were approved by the human inves-
tigational review board of each study center and by the
competent authority of each country. Informed consent
was obtained from each subject before enrollment in the
studies, after being advised of the potential risks and ben-
efits of the study, as well as the investigational nature of
the study.

2.2 Software

The plasma concentration—time data of esketamine and
noresketamine were used for non-linear mixed-effect mod-
eling using NONMEM® version 7.3.0 (Icon Development
Solutions, Ellicott City, MD, USA) [30] in a validated envi-
ronment, Navigator 9.1.5146, based on Good Automated
Manufacturing Practice and in accordance with 21 CFR
Part 11 and good clinical practice regulations. The Fortran
compiler was Intel® Fortran 64 Compiler Professional, Ver-
sion 11.1. The first-order conditional estimation method
was used. The exploratory and statistical analysis, diagnos-
tic graphics, and post-processing of NONMEM® analysis
results were carried out in R version 3.2.3 or higher (Com-
prehensive R Network, http://cran.r-project.org/) [31].

2.3 Pharmacokinetic Model Development

After IV administration, esketamine disposition in plasma was
described by an open, linear, three-compartment model. The
model was parameterized in terms of volumes of distribution
of the central (V,), shallow (Vpl) and deep (sz) peripheral
compartments, and the corresponding inter-compartmental
clearances (Q,) and (Q,). In addition, esketamine central com-
partment was kinetically linked to a hepatic compartment by
the effective hepatic flow parameter (Q,,) and the hepatic vol-
ume of distribution (V},), which both were estimated from the
available data. The hepatic compartment resembles the hepato-
portal system and its parameterization is consistent with the
well-stirred model [32]. Furthermore, the model assumed
that esketamine in the hepatic compartment is metabolized to
either noresketamine or other metabolites through a linear pro-
cess. The biotransformation of esketamine to noresketamine
was characterized by a first-order rate constant, k.., while the
elimination of esketamine through other metabolic routes was
characterized by the first-order rate constant, k. Therefore, the
product V} X (kg + k) reflects the intrinsic clearance (Cl,,,)
of esketamine. Based on the well-stirred model, the hepatic
extraction (E) was defined as Cl,,/(Q, +Cl,,,) and the esketa-
mine plasma clearance was equal to Q, X E. Furthermore, the
fraction of esketamine in the hepatic compartment that is con-
verted to noresketamine (F,,.,) or is eliminated through other
metabolic pathways (F,) can be derived as follows:

k
F = __met
met kmet + kel (1)
and
k
F,o=_—¢
o kmet + kel (2)

Noresketamine disposition was characterized by an open,
linear, two-compartment model, which was parameterized
in terms of central (V,,/F) and peripheral (V,,,/F) volumes
of distribution, inter-compartmental clearance (Q5/F), and
clearance (CL,/F). Noresketamine elimination rate-constant
(k) was derived as a secondary PK parameter as CL,/V,,. In
the absence of noresketamine plasma concentration data after
noresketamine I'V dosing, the PK parameters of noresketamine
were considered “apparent” as the fraction of esketamine that
is metabolized to noresketamine cannot be estimated directly
from the available data.

To properly characterize esketamine after PO dosing, an
oral depot compartment was incorporated into the model and a
joint analysis of IV and PO data was conducted. After PO dos-
ing, a fraction of the PO dose is “lost” in the gastrointestinal
tract due to intestinal metabolism and the remaining fraction
of the dose (Fy,,) is released into the oral depot compartment
following a zero-order process, characterized by duration,
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Table 1 Overview of the clinical studies included in the population pharmacokinetic (PK) analysis

Study code Sample size Route Dose/dosing regimen

PK sampling for esketamine and noresketamine

Phase I studies

ESKETINTRD1001 44 Nasal 28, 56, 84, and 112 mg/SD
ESKETINTRD1002 29 Nasal 28, 56, and 84 mg/SD
ESKETINTRD1003 34 Nasal 28 mg/SD
ESKETINTRD1008 66 Nasal 56 mg/SD
ESKETINTRD1009 18 IV/nasal/PO 28 mg IV/84 mg nasal/84 mg PO
ESKETINTRD1010 12 Nasal 84 mg/MD
ESKETINTRD1012 16 Nasal 84 mg/SD
54135419TRD1015 37 Nasal 84 and

112 mg/SD
Phase Il studies
ESKETINTRD2003 107 Nasal 14, 28, 56, and 84 mg/MD
ESKETINSUI2001 35 Nasal 84 mg/MD
Phase III studies
ESKETINTRD3001 231 Nasal 56 and 84 mg/MD
ESKETINTRD3002 119 Nasal 56 and 84 mg/MD
ESKETINTRD3005 72 Nasal 28, 56, and 84 mg/MD

Pre-dose and at 0.12, 0.2, 0.37, 0.53, 0.67, 0.83, 1, 1.25,
1.5,2,3,4,6,9, 12, 18, and 24 h post-dose

Pre-dose and at 0.12, 0.2, 0.37, 0.42, 0.53, 0.72, 0.83, 1,
1.25,1.5,2,3,4,6,9, 12, 18, and 24 h post-dose

Pre-dose and at 0.12, 0.2, 0.37, 0.42, 0.53, 0.72, 0.83, 1,
1.25,1.5,2,3,4,6,9, 12, 18, and 24 h post-dose

Pre-dose and at 0.12, 0.2, 0.33, 0.5, 0.67, 0.83, 1, 1.25, 1.5,
2,3,4,6,9, 12, 18, and 24 h post-dose

Pre-dose and at 0.2, 0.33,0.50.67,1,1.5,2,3,4,5,6,8,
10, 12, 18, 24, 36, and 48 h post-dose

Rich PK sampling at two occasions on day 2 and day 16:
pre-dose at 0.167, 0.33, 0.5, 0.67,0.83, 1, 1.25, 2, 3,5, 9,
12, 16, and 24 h post-dose

Pre-dose and at 0.12, 0.2, 0.37, 0.53, 0.67, 0.83, 1, 1.25,
1.5,2,3,4,6,9, 12, 18, and 24 h post-dose

Pre-dose and at 0.17, 0.33, 0.5,0.67, 1, 1.5,2, 3,4, 8, 12,
and 24 h post-dose

Sparse PK sampling at two occasions on day 1 and day 11:
0.67, 2, 3, and 6 h post-dose

Sparse PK sampling at day 4: PK sample taken between 0.5
and 1 h and 2 and 5 h post-dose

Sparse PK sampling at two occasions on day 4 and day 22:
0.67 and 24 h post-dose

Sparse PK sampling at two occasions on day 4 and day 22:
0.67 and 24 h post-dose

Sparse PK sampling at day 22: 0.67 and 24 h post-dose

List of clinical trial registration numbers of the studies included in the analysis: ESKETINTRD1001 (NCT01780259) [17], ESKETIN-

TRD1002 (NCT01980303) [18],

ESKETINTRD1003 (NCT02129088) [19],

ESKETINTRD1008 (NCT02846519) [20], ESKETIN-

TRD1009 (NCT02343289) [21], ESKETINTRD1010 (NCT02568176) [22], ESKETINTRD1012 (NCT02345148) [23], 54135419TRD1015

(NCT02682225) [24], ESKETINTRD2003 (NCT01998958)

[25],

ESKETINSUI2001 (NCT02133001) [26], ESKETINTRD3001

(NCT02417064) [27], ESKETINTRD3002 (NCT02418585) [28], and ESKETINTRD3005 (NCT02422186) [29]

1V intravenous, MD multiple dose, PO oral, SD single dose

Dy, Subsequently, esketamine is absorbed from the oral depot
compartment into the hepatic compartment, following a first-
order process, characterized by the rate constant k, ,,. The frac-
tion of the PO dose absorbed that avoids the first-pass metabo-
lism in hepatocytes (Fj,,) is equal to 1 — E. In this context, the
absolute PO bioavailability (F,,,) is the product of Fy X Fj,,.

To characterize esketamine after intranasal dosing, a nasal
depot compartment, representing the nasal cavity, was incor-
porated into the model and a joint analysis of IV, PO, and
intranasal PK data was conducted. After intranasal administra-
tion, a fraction of the esketamine dose (FR,) is absorbed via
the vascular plexus into the central compartment, following
a first-order process characterized by k, ;. Linking the nasal
depot compartment directly to the central compartment allows
modeling of the direct and complete absorption of the frac-
tion of the esketamine dose absorbed through the intranasal
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mucosa, avoiding the intestinal metabolism in the gastrointes-
tinal tract and hepatic first-pass metabolism. The remaining
fraction of the intranasal esketamine dose (1 —FR) is swal-
lowed and enters the systemic circulation via the PO depot
compartment following a sequential zero-first-order process
characterized by Dy, and k, . Therefore, the absolute nasal
depot bioavailability, F,, is equal to FR, +(1 —=FR,) X F,,,. The
schematic of the PK model described is displayed in Fig. 1 and
the corresponding differential equations used to describe the
time course of esketamine and noresketamine after intranasal,
IV, and PO dosing were the following:

dA,

= —ka, X A; XxFR_,
d[ an 1 n

where A at dosing time is equal to the esketamine dose.
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dA,

5 = ~hag XA X (1-FR,)XF

gut?

A, at dosing time is equal to the esketamine dose.

[ALT], aspartate transaminase [AST], alkaline phosphatase
[ALP], gamma glutamyl transpeptidase, lactate dehydroge-
nase, and total bilirubin (TB)], serum albumin, total protein
(TP), estimated glomerular filtration rate, and diagnostic

status (healthy subjects vs patients with TRD) on esketa-
mine and noresketamine PK parameters were evaluated.
Table 2 shows the summary of the subjects’ characteristics
at baseline. The covariate screening was guided by graphical
assessment and stepwise linear regression of the relation-
ships between the Bayesian estimates of the random effects

X Ag

met

and the covariates. Only covariates that were statistically
significant (p <0.001) and had a coefficient of determination
2> 0.10 with model parameters were considered as poten-
tially clinically relevant and were further tested one by one

dA
d—;=kan><A1><FRn—k34><A3+k43><A4—k35><A3+k53><A5—kch><A3+th><A6
dA4—k XAy —ky3 XA

ar e XA T Ray XAy

dAs

?:k35XA3_k53XA5

dAg
F=kasw><Al><(I—FRn)ngut+kch><A3—thxAé—keleé—k
dA7

e = kot X Ag — Koy X Aq — kyg X Aq + kgg X Ag

dAg

E:k78XA7_k87XA8

with A, A,, A3, Ay, As, Ag, A4, and Ag being the correspond-
ing amounts in nasal, oral, esketamine central, esketamine
peripheral 1, esketamine peripheral 2, hepato-portal system,
noresketamine central, and noresketamine peripheral 1 com-
partments, respectively. Other abbreviations are already pro-
vided in the body text and in Fig. 1.

2.4 Statistical Model

The ITV in the PK model parameters was assumed to follow
a log-normal distribution. Residual variability in esketamine
and its major metabolite was separately evaluated using an
additive error model after natural logarithmic transformation
of the observations and model predictions [33].

2.5 Model Assessment

To identify the best pharmaco-statistical model, a series
of models were evaluated. For each nested model, the
improvement in the fit was assessed by the likelihood ratio
test (p=0.001). In addition, the reduction in ITV and resid-
ual variability, the precision and correlation in parameter
estimates, examination of diagnostic plots [34], predictive
checks, and shrinkage [35] were also employed.

2.6 Covariate Analysis

The effect of demographic factors (sex, age, body weight,
race), hepatic function biomarkers (alanine transaminase

in NONMEM to evaluate whether they were incorporated
in the population PK model process as described elsewhere
[36]. The p-values associated with the covariate analysis
were selected after considering the sample size available, the
number of covariates evaluated, and the number of model
parameters where the potential relationship with covariates
was evaluated. This adjustment follows the recent guidance
that the American Statistical Association [37] and another
large coalition of 72 methodologists [38, 39] proposed with
respect to p-values. As the p-values can be affected by the
sample size, the * between the covariate-PK relationship
was an additional decision criterion during model assess-
ment because its value indicates the PK variability explained
by a covariate of interest. Falk and Miller recommend at
least 10% of the total variance and therefore this 10% cut-off
for the 7> was considered during the model building [40].
With this methodology, only covariates showing significant
and clinically relevant contributions were retained in the
population PK model.

To fully understand the impact of the individual covari-
ates on esketamine and noresketamine exposure, exploratory
forest plots were created with the post hoc estimates of the
individual exposure. The AUC after 24 h post-dose (AUC
o024 1) for esketamine and noresketamine was calculated for
each subject. Each exploratory forest plot represents the
geometric mean ratio and its 90% confidence interval (CI)
for the (AUC,_,, ;) of esketamine and noresketamine in a
specific subpopulation relative to the value in the reference
subpopulation, after adjusting other covariates.
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Nasal Dose

| i

PO Dose

Dsw

FRn¢

\ Ka, n

IV Dose

Esketamine Esketamine
Peripheral 1 Central
Vp1 Vc

Esketamine
Peripheral 2
Vp2

Fig.1 Schematic of the population pharmacokinetic model for esket-
amine and noresketamine. CL,/F apparent clearance of noresketa-
mine, DPO zero-order absorption duration of the PO solution dose,
D, zero-order absorption duration of the intranasal dose that is swal-

sw
lowed, F,,, percentage of the PO dose of esketamine that reaches the
hepato-portal system after intestinal metabolism, FR, fraction of the
intranasal dose absorbed in the nasal cavity, k,, esketamine first-
order nasal absorption rate constant, k,,, esketamine first-order PO

a,po
solution absorption rate constant, k, . esketamine first-order nasal-

swallowed absorption rate constant, k, esketamine elimination rate

constant, k,,,, esketamine rate constant of metabolism to noresketa-

2.7 Model Evaluation

Goodness-of-fit plots, normalized prediction distribution
errors (NPDEs) as well as prediction-corrected visual pre-
dictive check were used to evaluate the developed population
PK model [41].

2.8 Model-Based Simulations

Deterministic simulations were undertaken using the
population PK structural model parameters. A full plasma
concentration—time profile was simulated to represent the
esketamine and noresketamine pharmacokinetics for a sub-
ject with given covariate characteristics and the typical value
of model parameters. Subsequently, the exposure metrics
C...x and AUC,_,, , for each PK profile were calculated and

the magnitude of the covariate effect on esketamine and
noresketamine exposure was assessed.
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:. ‘: Kel
System é
Vh :
Kmet

Noresketamine
Central
Ven/F

Noresketamine

mine, PO oral, Q, esketamine inter-compartmental clearance between
the central and the shallow peripheral compartment, Q, esketamine
inter-compartmental clearance between the central and the deep
peripheral compartment, QyF noresketamine apparent inter-com-
partmental clearance between the central and the peripheral compart-

ment, O, hepatic flow, V,, ij, sz esketamine central, shallow, and

deep peripheral volumes of distribution, respectively, V,,/F noresket-
amine apparent central volume of distribution, V, hepatic volume of
distribution, V, /F noresketamine apparent peripheral volume of dis-
tribution. Dose effect is the dose-dependent effect in FR,

3 Results

In total, 9784 and 9397 plasma concentrations of esketa-
mine and noresketamine, respectively, were collected from
820 subjects, including 256 (31.2%) healthy subjects from
phase I studies and 564 (68.8%) subjects with TRD enrolled
in phase II and phase III studies who received twice-weekly
intranasal administration of esketamine with a dose range
of 28-112 mg. Table 2 provides the demographic, clini-
cal, and baseline laboratory characteristics of the subjects
included in the population PK analysis. An open, linear,
three-compartment disposition model for esketamine and
an open, linear, two-compartment disposition model for
noresketamine in combination with a separate hepato-portal
compartment (“first-pass model”’) provided a good descrip-
tion of the time courses of esketamine and noresketamine
plasma concentrations and their associated variability after
esketamine administration as a nasal spray, IV infusion, or
PO solution (Fig. 1).
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Table2 Summary of subjects’ demographic and baseline character-
istics of the population included in the population pharmacokinetic
analysis

Subject characteristics N=820 Number of subjects
with missing data,
n (%)
Sex 0(0.0)
Male 341 (41.6)
Female 479 (58.4)
Age (years) 45 [18-86] 0(0.0)
Body weight (kg) 74 [39-170] 0(0.0)
Race® 0(0.0)
White 594 (72.4)
Caucasian 529 (89.1)
Hispanic 65 (10.9)
Black 56 (6.82)
Asian 112 (13.7)
Japanese 72 (64.3)
Non-Japanese 40 (35.7)
Other® 58 (7.07)
Health status 0(0.0)
Healthy subjects 256 (31.2)
TRD 564 (68.8)
ALT (U/L) 20 [6-157] 2(0.2)
AST (U/L) 20 [6-103] 6(0.7)
ALP (U/L) 65 [21-244] 0 (0.0)
GGT (U/L) 19 [5-289] 4 (1.00)
LDH (U/L) 198 [90-546] 716 (87.3)
Total bilirubin (umol/L) 7 [3-38] 10 (1.2)
Serum albumin (g/L) 44 [31-57] 0(0.0)
Total protein (g/L) 71 [52-86] 0(0.0)
eGFR (mL/min/1.72 m?)° 93 [43-150] 0(0.0)

Continuous variables are expressed as median [range], whereas cat-
egorical variables are expressed as counts (%)

ALP alkaline phosphatase, ALT alanine transaminase, AST aspartate
transaminase, eGFR estimated glomerular filtration rate, GGT gamma
glutamyl transpeptidase, LDH lactate dehydrogenase, TRD treatment-
resistant depression

“Ethnicity (Caucasian, Hispanic) is expressed as percentage of race
classification (white) whereas (Japanese, non-Japanese) is expressed
as percentage of race classification (Asian)

YNative Hawaiian, Pacific Islander, American Indian, or Alaskan
native

“eGFR based on Modification of Diet in Renal Disease equation, cor-
rected for body surface area after truncating at a value of 150 mL/min

After intranasal administration of 28 mg of esketa-
mine, 54% of the dose is absorbed through the nasal cavity
to plasma (FR,), while the remaining 46% of the esketa-
mine dose is swallowed. The fraction of the dose absorbed
through the nasal cavity is reduced by 38% for the subse-
quent 28-mg doses. Therefore, for the 56-, 84-, and 112-mg
doses, a total of 44, 40, and 38% of the esketamine dose is

absorbed through the nasal cavity, respectively, while the
remaining esketamine dose is swallowed. The fraction of
the esketamine dose absorbed through the nasal cavity was
complete and fast, as indicated by the mean absorption time
(1/k, ) of 0.341 h. The gastrointestinal absorption of the
swallowed dose of esketamine was incomplete and relatively
slower than the nasal absorption and had a mean absorption
time (Dp, + VVk, po+ Vi/Qy) of 2.02 h. About 64% of the PO
esketamine dose escapes gastrointestinal degradation and
reaches the hepato-portal system (Fy,). About 29% of the
dose that reaches the hepato-portal system overcomes first-
pass metabolism (Fy.,=1—E) and accesses the systemic
central compartment, while the remaining 71% undergoes
first-pass metabolism (F) in the liver. This result implies an
absolute PO bioavailability (Fp,=Fgy X Fye, =0.64X0.29)
of 18.6%. Consequently, after intranasal administration, the
absolute bioavailability, taking into account direct absorp-
tion through the nasal cavity and PO bioavailability, is 63,
54, 51, and 50% for the 28-, 56-, 84-, and 112-mg esketa-
mine doses, respectively.

Esketamine typical volumes of the central, shallow, and
deep peripheral compartment and the corresponding IIV
(CV%) were estimated to be 192 L (27.5%), 143 L (49.3%),
and 417 L, respectively. The intrinsic clearance and the E
were 392 L/h and 0.71, respectively, thus the typical plasma
clearance of esketamine was estimated to be 114 L/h. The
esketamine terminal half-life was estimated to be 11 h.
Approximately 71% of the esketamine in the hepatic com-
partment is metabolized to noresketamine (F,.,), while the
remaining 29% of esketamine in the hepatic compartment is
eliminated through other metabolic routes (F)). The typical
PK parameters of noresketamine for the apparent central
and peripheral volumes of distribution were estimated to be
70.0 and 115 L, while the apparent inter-compartmental flow
and apparent clearance were 26.1 and 38.0 L/h, respectively.
The IV was quantified using an exponential error model
for ky ns kaspos Ves Vois Vi Ohs Kets kines Ven/ F, and CL,/F and
an additive error model in the logit domain for FR. The
shrinkage was lower than 40%, except for V_/F (41.7%) and
Vi (44.5%).

The covariate analysis showed an effect of being Asian on
k. (r*=0.168, p<0.001) and Cl /F (r*=0.122, p <0.001).
The simultaneous inclusion of both covariate-PK relation-
ships improved the model fit (AMVOF: —78.74, df=2,
p <0.001). Relative to non-Asian subjects, the Asian sub-
jects showed a 64.0% and a 19.4% decrease in k; and CL, /F,
respectively. Sex, body weight, ALT, AST, ALP, gamma
glutamyl transpeptidase, TB, albumin, TP, estimated glo-
merular filtration rate, and disease state (healthy subjects
vs patients with TRD) had no discernable impact on the
PK parameters of esketamine and noresketamine as the
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covariate-parameter relationships were found to have r* val-
ues < 10% and p-values > 0.001 in the exploratory analysis.

The effect of Japanese ethnicity and age on esketamine
and noresketamine pharmacokinetics was evaluated by per-
forming a sensitivity analysis. After the inclusion of the
covariates that met the criteria specified in Sect. 2.6, the
strongest relationships between race and age on individual
PK model parameters according to 7> and p-values were
explored and formally tested one by one in NONMEM®.
The sensitivity analysis showed that the Japanese subjects
had a 34% increase in FR, (AMVOF=-27.20; df=1;
p<0.001), relative to other races (non-Asian subjects and
Asian non-Japanese subjects) whereas Q,, decreased at
a rate of 21.9 L/h/10 years from 60 years of age onwards
(AMVOF=-16.8; df=1; p<0.001) and, on average, the
0, was 25% lower in subjects from 77 years of age onwards
than in adult subjects younger than 60 years of age. The
parameter estimates of the population PK model, including
all the covariate-PK relationships, are presented in Table 3.
All parameters were estimated with adequate precision, as
measured by a relative standard error < 10% for the fixed
effects and relative standard error <25% for the random
effects.

Figure 2 depicts the goodness-of-fit plots of the final
model for esketamine and noresketamine against the pop-
ulation model prediction and individual model prediction
showing a normal random scatter around the identity line
and indicates the absence of significant bias. Similarly, the
middle and lower panels of Fig. 2 represent the distribution
of conditional weighted residuals (CWRES) and the NPDE
as a function of the population predictions and time. Both
the CWRES and NPDE supported model adequacy. The
overall distribution of the NPDE approximately follows a
normal distribution with a mean of 0 and a standard devia-
tion of 1. Specifically, the mean and standard deviation of
the NPDE for esketamine was 0.017 (95% CI —0.004 to
0.033) and 0.949 (95% C10.935-0.970), respectively, while
the mean and standard deviation of the NPDE for noresketa-
mine was 0.040 (95% CI 0.019-0.056) and 0.987 (95% CI
0.972-1.000). These results confirm the model accuracy
and precision because the mean and standard deviation of
the NPDE for both esketamine and noresketamine were
close to 0 and 1, respectively. The results of the prediction-
corrected visual predictive check of the phase I, II, and III
clinical studies are depicted in Fig. 3. Overall, the population
PK model adequately describes the time courses of both
esketamine and noresketamine plasma concentrations after
intranasal dosing and, therefore, is considered suitable for
simulating the time courses of esketamine and noresketa-
mine plasma concentrations and their associated variabil-
ity. Finally, the exploratory forest plots for esketamine and
noresketamine describing the covariate-PK impact on AUC
024 1, are presented in Fig. 4.
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Model-predicted exposure metrics (C,,,, and AUC 54 1,)
for 28, 56, and 84 mg are presented in Table 4 stratified
by race and age. Esketamine C,,, for a typical Asian non-
Japanese subject was similar to a typical Caucasian subject;
however, its AUC,, ,,, was around 8% higher. With respect
to noresketamine, a typical Asian non-Japanese subject had
a 1.24- and a 1.36-fold higher C,,,, and AUC,, ,,,,, respec-
tively, when compared with a typical Caucasian subject.
Esketamine C,,, and AUC,_,,, were both 1.32-fold higher
for a typical Japanese subject when compared with a typi-
cal Caucasian subject. With respect to noresketamine, C,,,
and AUC,,_,, ,, were 1.22- and 1.48-fold higher in Japanese
subjects, when both exposures were compared with a typical
Caucasian subject. The impact of age on @, showed that for
a Caucasian subject of 70 years of age, esketamine C,,, and
AUC,_,, , were 1.32-fold higher than a Caucasian subject
below 60 years of age. Small differences were observed for
noresketamine C,,,, and AUC,_,, , and both parameters were
comparable to those for Caucasian subjects who were below
60 years of age, across all the doses evaluated. Esketamine
Cn.x for a typical, elderly (aged 70 years) Asian non-Jap-
anese subject was comparable to the C,,, for a Caucasian
subject below 60 years of age; however, esketamine AUC
024 n Was 1.16-fold higher for the Asian non-Japanese sub-
ject relative to a Caucasian subject below 60 years of age.
With regard to noresketamine, C,,, and AUC,_,,, were
1.22- and 1.37-fold higher, respectively, for a typical elderly
(aged 70 years) Asian, non-Japanese subject when compared
with a Caucasian subject below 60 years of age. Esketamine
C..x and AUC, ,, , were 1.32- and 1.42-fold higher respec-
tively, for a typical elderly (aged 70 years) Japanese subject
when compared with a Caucasian subject below 60 years of
age. Noresketamine C,,, and AUC,_,,, values were 1.18-
and 1.48-fold higher, respectively, for a typical elderly (aged
70 years) Japanese subject when compared with a Caucasian

subject below 60 years of age.

4 Discussion

The primary goal of this population PK analysis was to
simultaneously characterize the time course of esketamine
and its metabolite noresketamine after IV, PO, and nasal
dosing. After IV administration, esketamine disposition in
plasma was described by an open, linear, three-compart-
ment disposition model in which its central compartment
was kinetically linked to a hepatic compartment [32]. The
model assumed that esketamine in the hepatic compartment
was metabolized to noresketamine through a linear process
and once esketamine had been converted to noresketamine,
noresketamine exhibited a bi-exponential decay. Similar
structural population PK models using three- and two-com-
partment models have been used to characterize esketamine
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Table 3 Pharmacokinetic (PK) parameter estimates (relative standard error [RSE], %) for the population PK model for esketamine and noresket-
amine

Structural model parameters Inter-individual variability (CV %)
Parameter Estimate (RSE%) Parameter Estimate (RSE%)
Esketamine
FR, 0.54 2.77) o FR, 70.8 (8.26)
Absorption  Nasal dose  Dose on FR,, 0.62 (1.53)
Japanese on FR, 1.34 (3.30)
k,, (L/h) 2.93 (4.78) ok,, 61.5 (10.7)
D, (h) 0.53 (4.46)
k, o (L/D) 1.45 (8.62) ok, 132 (9.80)
PO dose D,, (L/h) 0.32 (9.93)
Ky po (L/R) 0.97 (15.2) @ kypo 132 (9.80)
Foy 0.64 (2.56)
Disposition V. (L) 192 (3.63) oV, 27.5(17.8)
Q, (L/h) 84.3 (5.05)
Vo (L) 143 (6.36) oV, 49.3 (18.6)
0, (L/h) 37.6 (2.85)
Vo (L) 417 (3.50)
0, (L/h) 151 (3.31) o 0y 232 (17.3)
Age on Q,, (L/year) -2.19 (3.76)
Vi, (L) 101 (5.62) oV, 34.6 (22.9)
kg (L/h) 1.11 (4.58) kg 120 (8.55)
Asian on k 0.36 (2.37)
ke (L/D) 2.77 (5.60) @ ko
Noresketamine
Disposition Ve /F (L) 70.0 (4.66) o V/F 31.6 (17.9)
CL,/F (L/h) 38.0 (4.58) o CL /F 25.4 (13.0)
Asian on CL,/F 0.81 (6.55)
Vol F (L) 115 (6.03)
Q,/F (L/h) 26.1 (8.20)
Objective function value Residual variability (CV%) Phase I and phase II  Phase 11
—14,898.553 o, (esketamine) 27.6 (0.44) 27.9 (1.92)
0, (noresketamine) 42.2 (0.40) 51.1(1.86)

Dose effect is the dose-dependent effect in FR, (i.e., the fraction of dose absorbed through the nasal cavity is reduced to 62% of the initial dose,
which is a 38% decrease for the subsequent 28-mg dose)

CL,/F apparent clearance of noresketamine, CV coefficient of variation, D, zero-order absorption duration of the PO solution dose, Dy, zero-
order absorption duration of the nasal dose that is swallowed, F,,, percentage of the PO dose of esketamine that reaches the hepato-portal system
after intestinal metabolism, FR, fraction of the nasal dose absorbed in the nasal cavity, k,, ;, esketamine first-order nasal absorption rate constant,
ky, p, esketamine first-order PO solution absorption rate constant, k, ,,, esketamine first-order nasal-swallowed absorption rate constant, k,; esket-
amine elimination rate-constant, k,,,, esketamine rate constant of metabolism to noresketamine, PO oral, Q; esketamine inter-compartmental
clearance between the central and the shallow peripheral compartment, Q, esketamine inter-compartmental clearance between the central and
the deep peripheral compartment, Q/F noresketamine apparent inter-compartmental clearance between the central and the peripheral compart-
ment, Q,, hepatic flow, V, Vp 1 sz are esketamine central, shallow, and deep peripheral volumes of distribution, respectively, V., /F, noresketa-
mine apparent central volume of distribution, V), (L) hepatic volume of distribution, V,,/F noresketamine apparent peripheral volume of distribu-

tion

and noresketamine pharmacokinetics; [42-44] however, accounts for the extensive first-pass metabolism in the liver

these models lacked PO data and therefore assumed a [45].

series of intermediate transit compartments to account for To properly characterize esketamine after PO dosing

noresketamine formation time delays, without considering  and its corresponding first-pass metabolism, an oral depot

the “well-stirred” liver model [32], which physiologically =~ compartment was incorporated into the model. The major
site of first-pass metabolism of most orally administered
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Fig.2 Diagnostic plots of the population pharmacokinetic model
developed for esketamine (a) and noresketamine (b). Circles (phase
I and phase II studies) and triangles (phase III studies) represent the
observations/predictions (upper panels), conditional weighted residu-

drugs is often assumed to be the liver; however, the gut wall
also plays an important role by directly metabolizing orally
administered drugs prior to systemic uptake and thereby
reducing drug bioavailability [46]. The absorption profile
of esketamine was best described with a first-order absorp-
tion rate constant model rather than a transit compartment
model [47], similar to the finding reported by Ashraf et al.
[44]. Esketamine is mainly metabolized to noresketamine
by CYP3A- and CYP2B6-mediated N-demethylation and
the presence of CYP3A in the gut wall and CYP3A and
CYP2B6 in the liver is well known [48]. The population PK
model accounted for this physiological absorption process.
About 64% of the PO esketamine dose overcomes gastroin-
testinal degradation and reaches the hepato-portal system
where the first-pass hepatic metabolism takes place before
esketamine becomes bioavailable in the systemic circulation.
About 29% of the dose that reaches the hepatic compart-
ment accesses directly to the central compartment and the
remaining 71% undergoes first-pass metabolism (E). This
implies an absolute PO bioavailability of 18.6%, which is
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als (middle panels), and the normalized prediction distribution errors
(lower panels) for esketamine (a) and noresketamine (b); solid black
lines represent the identity lines; red dashed lines represent the trend
line (locally weighted scatterplot smoothing)

consistent with the published estimates of PO bioavailability
(14%) obtained from non-compartmental analyses of clinical
PK data from subjects who received oral ketamine [13] and
falls within the 7-20% range reported by Fanta et al. after
simultaneously modeling esketamine and noresketamine in
healthy volunteers receiving IV and PO dosing [47].

A nasal depot compartment, representing the nasal cavity,
was incorporated into the population PK model and linked to
the central disposition compartment of esketamine. Intrana-
sal administration is a non-invasive route for drug delivery,
which offers a highly vascularized and permeable surface
area enabling drug molecules to be transferred rapidly to
the systemic blood circulation without first-pass hepatic and
intestinal metabolism [49]. The fraction of dose absorbed
through the nasal cavity is reduced by 38% for the subse-
quent 28-mg doses; this decrement conceivably could be
explained by esketamine-induced nasal vasoconstriction,
which leads to reduced drug permeability, decreasing the
extent of drug absorption [50]. Linking the nasal depot
compartment directly to the central compartment allows
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Fig. 3 Prediction-corrected visual predictive check of the population
pharmacokinetic model for esketamine and noresketamine after intra-
nasal dosing for the 24 h (left panels) and for 6 h (right panels) post-
dose. Circles (phase I and phase II studies) and triangles (phase III
studies); gray solid lines represent the median, Sth, and 95th percen-

modeling of the direct and complete absorption of the frac-
tion esketamine dose absorbed through the nasal cavity,
avoiding the intestinal metabolism in the gastrointestinal
tract and hepatic first-pass metabolism. Consequently, the
absolute bioavailability after nasal administration is 63, 54,
51, and 50% for 28-, 56-, 84-, and 112-mg esketamine doses,
respectively. These results are comparable to the estimate
of the absolute nasal bioavailability, 48%, for a 84-mg dose
administered to healthy subjects [13, 14]. In addition, these
results were also consistent with the report of Yanagihara
et al. [51], which estimated the bioavailability of ketamine
administered by a nasal spray to be approximately 45%.
Esketamine V, was estimated to be 752 L, which is larger
compared water in the body (42 L for a 70-kg male indi-
vidual) and reflective of the large non-specific distribution
to peripheral lipophilic tissues. This is similar to the V of
709 L calculated by non-compartmental methods [13, 14].
In previous literature of PK analyses, a large variability in
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tiles of the simulated data with its 95% confidence interval (light-gray
shaded area); purple dashed lines represent the median, Sth, and 95th
percentiles of the observed data for esketamine and noresketamine
respectively. A total of 100 replicates of the original dataset were
used to create these plots

the volume of distribution of esketamine has been described
from 160 to 550 L [16, 42, 52, 53]. In the current analysis,
esketamine V, was estimated to be larger than this range,
probably because of the extensive sampling in the phase
I studies included in this analysis, relative to the studies
reported in the literature.

The CL;,, and the E were estimated to be 392 L/h and
0.71, respectively, thus the typical plasma clearance of esket-
amine was estimated to be 114 L/h, which is consistent with
the results of a non-compartmental analysis [13, 14] and
the 95.2 L/h reported by Fanta et al. [47], suggesting that it
is similar to or exceeds hepatic blood flow in humans [54].
These results are consistent with literature PK studies in
which clearance of esketamine had a range of 73-147 L/h,
[16, 42, 52, 53, 55]. According to the well-stirred model,
a high-extraction drug such as esketamine, whose intrin-
sic clearance exceeds the hepatic blood flow, behaves such
that a decrease in hepatic blood flow causes a decrease in
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Health status A

Healthy Subject vs. TRD Subject 4
Sex 1

Male vs. Female 1

Age (years)

<40 vs. 60-40 A

>60 vs. 60-40 A

Body weight (kg) -

<60 vs. 60-90 A

>90 vs. 60-90 A

Race 1

Black vs. White

Asian non-Japanese vs. White -
Japanese vs. White

Others vs. White 1

ALT (U/L) {

>40 vs. 5-40 1

AST (U/L) 1

>40 vs. 5-40 1

GGT (U/L) 1

>50 vs. 5-50 1

Total Bilirrubin (umol/L) -

>12 vs. 3-12 1

Estimated glomerular filtration rate (mL/min/1.73m?)
mild renal dysfunction vs. normal -
moderate renal dysfunction vs. normal -

é ]
b ey

GMR (90% Cl); Sample size:
1.00 (0.96 to 1.05); N = 256 vs. 564

1.11(1.06 to 1.15); N = 341 vs. 479

0.97 (0.93 to 1.01); N = 304 vs. 386
1.05 (0.99 to 1.11); N = 130 vs. 386

1.07 (1.02t0 1.13); N =137 vs. 510
0.85 (0.81t0 0.90); N =173 vs. 510

0.88 (0.82 to 0.95); N = 56 vs. 594
1.06 (0.97 to 1.15); N = 40 vs. 594
1.19 (1.11t0 1.27); N=72 vs. 594
1.04 (0.97 to 1.11); N = 58 vs. 594
1.02 (0.95 to 1.09); N = 81 vs. 737
1.01 (0.90 to 1.13); N =23 vs. 791
1.06 (0.99 to 1.14); N = 69 vs. 747

0.99 (0.93 to 1.05); N =93 vs. 717

1.05 (1.01 to 1.10); N = 317 vs. 459
1.01 (0.93 to 1.10); N = 44 vs. 459

060 0.80 1.00 125 150  1.85

Geometric mean ratio for Esketamine AUC

Health status 1 | GMR (90% ClI); Sample size:
Healthy Subject vs. TRD Subject - +-| 1.03 (0.97 to 1.10); N = 256 vs. 564
Sex 1 |
Male vs. Female { | KA 1.10 (1.04 to 1.15); N = 341 vs. 479
Age (years) 4 |
<40 vs. 60-40 1 I#l 1.03 (0.98 to 1.09); N = 304 vs. 386
>60 vs. 60-40 1 I-.r| 0.96 (0.90 to 1.03); N = 130 vs. 386
Body weight (kg) - |
<60 vs. 60-90 A oA 1.07 (1.00 to 1.15); N = 137 vs. 510
>90 vs. 60-90 ] 0.92 (0.86 t0 0.98); N = 173 vs. 510
Race I
Black vs. White 4 I-4-| 0.98 (0.90 to 1.08); N = 56 vs. 594
Asian non-Japanese vs. White - | —o— 1.41 (1.26 to 1.58); N = 40 vs. 594
Japanese vs. White | o 1.46 (1.34 to 1.60); N = 72 vs. 594
Others vs. White @i 1.15 (1.04 to 1.26); N = 58 vs. 594
ALT (U/L) :
>40 vs. 5-40 HH 1.03 (0.94 to 1.13); N = 81 vs. 737
AST (U/L) 1 |
>40 vs. 5-40 —e— 0.97 (0.83 to 1.13); N = 23 vs. 791
GGT (U/L) 4 |
>50 vs. 5-50 1 l-b—l 1.03 (0.93to 1.13); N =69 vs. 747
Total Bilirrubin (umol/L) - |
>12 vs. 3-12 1 HH 0.99 (0.92 to 1.07); N =93 vs. 717
Estimated glomerular filtration rate (mL/min/1.73m?) |
mild renal dysfunction vs. normal 4 | KA 1.12 (1.06 to 1.19); N =317 vs. 459
moderate renal dysfunction vs. normal 4 I—Ip—| 1.04 (0.93 t0 1.17); N = 44 vs. 459

050 0.801.00 125 150 1.90 2.25
Geometric mean ratio for Noresketamine AUC

Fig.4 Forest plot for the covariate evaluation for esketamine (a) and
noresketamine (b). ALT alanine transaminase, AST aspartate transam-
inase, AUC area under the concentration—time curve, CI confidence

the clearance of the drug when administered systemically
[56]. Moreover, a decrease in the drug’s intrinsic clearance
would cause only minor changes in its total clearance fol-
lowing systemic administration. Thus, alterations in hepatic
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interval, GGT gamma glutamyl transpeptidase, GMR geometric mean
ratio, TRD treatment-resistant depression

blood flow could influence the clearance rate of systemically
administered esketamine or the fraction of the esketamine
dose that is absorbed directly through the nasal mucosa. In
contrast, the pharmacokinetics of intranasally administered
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Table 4 Model-based derived exposure metrics (maximum concentration [C,
dose [AUC, _,, ,]) for esketamine and noresketamine across different doses

] and area under the concentration—time curve after 24 h post-

max

Esketamine Noresketamine

Cmux AUCO—24 h Cmax AUC(P24 h

28mg 56mg 84mg 28mg 56mg 84mg 28mg 56mg 84mg 28mg 56mg 84 mg
18-60 years of age, Caucasian 438 725 101.0 147.3 2547 3622 59.1 119.7 180.0 2744 5163 758.0
18-60 years of age, Asian non-Japanese 44.1 73.2 1024 1582 2759 3935 734 148.5 2235 371.8 7048 1037
18-60 years of age, Asian Japanese 57.5 94.5 131.3 1947 3351 4754 721 1463 2204 4064 760.8 1114
> 60 years of age, Caucasian® 446 738 102.7 1604 275.8 3912 573 1172 177.0 2779 522.0 765.9
> 60 years of age, Asian non-Japanese® 44.9  74.4 103.8 171.0 296.3 4215 714 1459 2204 3739 708.0 1042
> 60 years of age, Asian Japanese™® 58.8  96.5 133.8 2122 363.1 5139 69.0 1417 2144 4092 7653 1121

PK pharmacokinetic
*Model-based simulation was performed taking as a reference a 70-year-old subject

bClinical PK data from Japanese subjects > 65 years of age were not available during the development of the population PK analysis and there-
fore the model-based simulation results should be interpreted with caution

esketamine was relatively insensitive to the effects of the
potent CYP inducer rifampin and the CYP3A inhibitor
clarithromycin [12, 14].

Similar to esketamine, an apparent V, of 185 L for
noresketamine reflects a large non-specific distribution into
peripheral tissues. The terminal half-life of noresketamine
was calculated to be 7.5 h, shorter than the terminal half-life
of esketamine (11 h), but longer than the half-life associ-
ated with noresketamine formation from esketamine. Con-
sequently, following a twice-weekly intranasal administra-
tion, no accumulation of esketamine and noresketamine in
plasma is expected, as the inter-dose interval is greater than
the wash-out period (five half-lives).

The dataset used for the population PK analysis
included data from study ESKETINTRD1009, in which
esketamine was administered via multiple routes, as well
as 12 clinical studies where only intranasal esketamine
was administered. As a consequence, there is an imbalance
between the amount of data obtained following PO and IV
administration when compared to intranasal administra-
tion, since intranasal was the intended route of admin-
istration in the clinic. However, this limitation does not
affect the PK parameter estimates since the presence of
ESKETINTRD1009 study in the dataset assures there are
sufficiently informative data to have an adequate estima-
tion of the model parameters. The identifiability of model
parameters is primarily determined by the quality of the
PK data collected, and not by an imbalance between the
number of available PO and IV data compared to intrana-
sal administration, especially when enough information is
included in the dataset as in the present case. Therefore,
the low proportion of data after PO and IV administra-
tion relative to intranasal administration in the population
PK dataset did not impact the adequacy of PK parameter
estimation because the dataset contains highly informative

PK profiles for the three routes of administration obtained
from study ESKETINTRD1009.

The Asian subjects showed a 64.0 and 19.4% decrease
in the elimination rate constant of esketamine (k) and
noresketamine (CL /F), respectively, which resulted on aver-
age, in an 8 and 36% increase in esketamine and noresketa-
mine AUC,_,, 1, respectively, when compared with the Cau-
casian population. Esketamine and noresketamine clearance
variability can be attributed to variability in the amount of
CYP3A- and CYP2B6-mediated N-demethylation enzymes
in the liver. Previous pharmacogenomic studies reported a
reduced function of the CYP2B6*10 allele in about 38—-50%
of East Asians but only in about 3% of Caucasians [57-59].

Japanese subjects exhibited a 34% increase in FR, relative
to other races, which translated into a 1.32-fold higher C,,,,
and AUC,_,,,, when compared with Caucasian subjects.
In contrast, noresketamine C,,,, and AUC,, ,, , was 1.22-
and 1.48-fold higher in the Japanese subjects, when both
exposures were compared to the Caucasian subjects. These
results are in line with phase I studies that indicated the C,,,,
and AUC of esketamine are approximately 40% higher in
Japanese subjects compared with Caucasian subjects [13,
14], while the decline in plasma esketamine concentrations
was similar for Japanese and Caucasian subjects. This differ-
ence in exposures between Japanese and Caucasian subjects
conceivably may be attributable to differences in anatomi-
cal and physiological properties of the nasal cavity between
these subpopulations. Factors such as membrane permeabil-
ity, environmental pH, or mucociliary clearance could affect
the systemic bioavailability of drugs, which are administered
through the intranasal route [60]. However, further studies
are needed to test these hypotheses.

A slight decrease in O, was observed at increasing age.
On average, Oy, is 25% lower in subjects from 77 years of
age onwards than in adult subjects younger than 60 years
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of age. On average, C,,, and AUC, ,, for esketamine in
the elderly subjects were approximately 21 and 18% higher,
respectively, compared with the younger adult subjects. This
finding was comparable to the results of a phase I study that
compared the pharmacokinetics of 28 mg of intranasal esket-
amine between healthy elderly subjects (6581 years of age)
and younger subjects (18-55 years of age, inclusive) [13,
14]. Reduced hepatic blood flow changes can affect systemic
drug clearance especially for drugs with high extraction
ratios such as esketamine (E=0.71) [56]. Furthermore, it is
well known that elderly subjects are more likely to manifest
relatively higher drug exposures as a result of a reduction in
the hepatic blood flow caused by age. This reduced hepatic
blood flow caused by aging leads to a decreased clearance
driving an increase in PK exposure in this subpopulation
[61].

5 Conclusions

The concept of the well-stirred model was implemented in the
population PK model to physiologically account for the exten-
sive first-pass metabolism due to drug-metabolizing enzymes
in the intestine and in the liver. The developed model success-
fully described the time course of esketamine and noresketa-
mine across different dose levels after IV, PO, and intranasal
administration in healthy subjects and patients with TRD. In
addition, the model enabled the quantification of esketamine
absolute nasal and oral bioavailability, its hepatic flow-limited
clearance, and its biotransformation to noresketamine, the
major circulating metabolite, as well as the influence of intrin-
sic and extrinsic factors in esketamine pharmacokinetics. In
summary, esketamine is a high extraction drug, with relatively
low absolute oral bioavailability and a large volume of distri-
bution. It has linear elimination, dose-proportional and time-
independent pharmacokinetics, and negligible accumulation
after a twice-weekly dosing regimen. Higher exposure was
observed in Asian subjects owing to a decrease in esketamine
and noresketamine elimination, in Japanese subjects specifi-
cally due to an increase in esketamine bioavailability, and in
elderly subjects because of a reduction in hepatic blood flow.
However, dose adjustments in these subpopulations should be
based on the efficacy and tolerability of esketamine. Further-
more, sex, body weight, ALT, AST, ALP, gamma glutamyl
transpeptidase, TP, albumin, TB, estimated glomerular filtra-
tion rate, and mood disease state had no discernable impact
on the PK parameters of esketamine and noresketamine, con-
sequently, no dose adjustment on the basis of these covariates
is warranted.
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