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Abstract

Background and objective Optimisation of hydrocortisone
replacement therapy in children is challenging as there is
currently no licensed formulation and dose in Europe for
children under 6 years of age. In addition, hydrocortisone
has non-linear pharmacokinetics caused by saturable
plasma protein binding. A paediatric hydrocortisone for-
mulation, Infacort® oral hydrocortisone granules with taste
masking, has therefore been developed. The objective of
this study was to establish a population pharmacokinetic
model based on studies in healthy adult volunteers to
predict hydrocortisone exposure in paediatric patients with
adrenal insufficiency.

Methods Cortisol and binding protein concentrations were
evaluated in the absence and presence of dexamethasone in
healthy volunteers (n = 30). Dexamethasone was used to
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suppress endogenous cortisol concentrations prior to and
after single doses of 0.5, 2, 5 and 10 mg of Infacort® or 20
mg of Infacort®/hydrocortisone tablet/hydrocortisone
intravenously. A plasma protein binding model was
established using unbound and total cortisol concentra-
tions, and sequentially integrated into the pharmacokinetic
model.

Results Both specific (non-linear) and non-specific (linear)
protein binding were included in the cortisol binding
model. A two-compartment disposition model with sat-
urable absorption and constant endogenous cortisol base-
line (Baseline.y,15.5 nmol/L)  described the data
accurately. The predicted cortisol exposure for a given dose
varied considerably within a small body weight range in
individuals weighing <20 kg.

Conclusions Our semi-mechanistic population pharma-
cokinetic model for hydrocortisone captures the complex
pharmacokinetics of hydrocortisone in a simplified but
comprehensive framework. The predicted cortisol exposure
indicated the importance of defining an accurate hydro-
cortisone dose to mimic physiological concentrations for
neonates and infants weighing <20 kg.

EudraCT number: 2013-000260-28, 2013-000259-42.
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Key Points

Therapy optimisation of hydrocortisone replacement
therapy is challenging due to no licensed paediatric
formulation, non-linear pharmacokinetics and lack of
a validated pharmacokinetic target.

We pooled data from two clinical studies in healthy
adult participants to establish a semi-mechanistic
pharmacokinetic model to describe the non-linear
pharmacokinetics for hydrocortisone in a large dose
range (0.5-20 mg) of Infacort® (paediatric granules
with taste masking).

The predicted cortisol exposure varied considerable
within a small body weight (BW) range, and
indicated the need to define an accurate
hydrocortisone dose especially for paediatric patients
with low BW (<20 kg).

1 Introduction

Hydrocortisone is equivalent to endogenous cortisol, and is
the recommended glucocorticoid for paediatric patients with
adrenal insufficiency, which is lethal if untreated [1]. The
goal of therapy is to obtain as close to physiological cortisol
concentrations as possible [2]. The recommended daily dose
for growing children is hydrocortisone 8 mg/m?, divided in
three or four doses [1] as hydrocortisone has a short half-life
(mean: 1.3-1.8 h [3, 4]). However, there is currently no
licensed hydrocortisone formulation for patients less than
6 years in Europe or the USA. These patients are commonly
administered low doses (0.5-5 mg) as crushed tablets sus-
pended in water [5, 6]. The accuracy associated with dividing
a licensed tablet (e.g. 10 mg in Europe) to generate a low
dose is poor and may impact treatment outcomes [6]. Indeed,
a large variability in dose was observed in a study on
extemporaneously compounded hydrocortisone capsules
undertaken in community pharmacies in Germany [7].
Administering a hydrocortisone suspension is also a com-
mon option, but has been associated with inadequate disease
control due to inhomogeneous distribution of hydrocortisone
in the suspension and a short shelf-life [8]. To overcome
these limitations and to provide a suitable paediatric
hydrocortisone formulation from birth, Infacort® (Diurnal
Ltd, Cardiff, UK), oral hydrocortisone granules with taste
masking, is currently under development [6].

Optimising hormone replacement is challenging as most
hormones have distinct secretory patterns and are
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frequently bound to circulating binding proteins. Hydro-
cortisone has complex pharmacokinetics caused by several
factors: cortisol is mainly bound with high affinity to cor-
ticosteroid-binding globulin (CBG), which can be saturated
within the therapeutic range [9]; cortisol is to a lesser
extent also transported by albumin and erythrocytes with
low affinity but high capacity [10]; and the area under the
concentration—time curve (AUC) profile of hydrocortisone
is dose-dependent, potentially due to a dose-dependent
bioavailability or concentration-dependent clearance (CL)
[3, 11]. Despite these known non-linear processes, the
pharmacokinetics of hydrocortisone have mostly been
described with linear pharmacokinetic models, probably
due to the limited dose range studied or the lack of inte-
grated approaches to simultaneously analyse the different
dose levels [4, 12, 13]. 11B-Hydroxysteroid dehydrogenase
type 2 (11B3-HSD2) is responsible for converting cortisol to
cortisone in the kidney, which can be converted to cortisol
by 11B-hydroxysteroid dehydrogenase type 1 (113-HSD1)
(in liver and adipose tissue). In addition, cortisol can be
metabolised in sequential steps by S5o-reductase, 5p-re-
ductase and 3a-hydroxysteroid dehydrogenase to allo-te-
trahydrocortisol, tetrahydrocortisol and
tetrahydrocortisone, which are all renally excreted. 6f-
hydroxylase (cytochrome P450 [CYP] 3A4) metabolises a
small fraction of cortisol (~1%) to 6B-hydroxycortisol,
which is also renally excreted [14]. Furthermore, the fast
absorption of hydrocortisone is slightly delayed by food
[12], and hydrocortisone cannot be bioanalytically sepa-
rated from endogenous cortisol.

The pharmacokinetics of Infacort® have been evaluated
in a healthy adult population by non-compartmental anal-
ysis (NCA), in which a dose dependency in both AUC and
maximum concentration (Cp,.x), €xplained by the plasma
protein binding, was suggested [6]. However, NCA
assumes linear pharmacokinetics and therefore does not
allow for a quantitative description of the known non-linear
processes, thus limiting extrapolation to a paediatric pop-
ulation. The objective of the current analysis was to pro-
vide a quantitative and mechanistic understanding of the
complex pharmacokinetics of hydrocortisone after admin-
istration of Infacort® in healthy adult participants using a
population approach, and to use the established model to
predict hydrocortisone exposure in paediatric patients.

2 Methods
2.1 Study Design
Data from two independent crossover studies (ClinialTri-

als.gov identifiers: NCT02777268, NCT01960530 [6, 15]),
with four and five study periods, respectively, were used
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Fig. 1 Schematic representation of the hydrocortisone (HC) and
dexamethasone (DEX) administration and sampling schedule for the
two crossover studies: study 1 (upper panel) and study 2 (lower
panel). Study 1 consisted of four sampling periods of 12 h, in which
total cortisol concentrations (C,,,: light blue arrows) were measured
after DEX suppression and administration of single doses of 0.5, 2, 5
and 10 mg of Infacort® with a washout period of at least 1 week
between periods. In study 2, C,, corticosteroid-binding globulin

for model development. Both studies were approved by the
South East Wales Research Ethics committee and per-
formed according to European and international guidelines
[16—18]. Written informed consent was obtained from all
participants. Healthy males between 18 and 60 years not
working shifts, with no clinically significant infection or
known sensitivity to hydrocortisone and/or dexamethasone
were included.

Participants in study 1 received single morning oral
doses of 0.5, 2, 5 and 10 mg Infacort® (n=16[6]) in a
random order with at least 1 week washout between peri-
ods. Total plasma cortisol concentrations (Cy,) were sam-
pled at pre-dose and 0.5, 1, 1.5, 2.5, 3, 3.5, 4,4.5,5,5.5, 6,
6.5, 7,75, 8,9, 10, 11 and 12 h post-dose in study 1.
Dexamethasone (1 mg) was administered in each study
period, according to Fig. 1 (top), to suppress the endoge-
nous cortisol synthesis.

(CBG), i.e. CBG + Cy (dark-blue arrows) and unbound cortisol
concentrations (C,), i.e. CBG + Cy + C, (red arrows) were mea-
sured first over 24 h in the absence of DEX, followed by 12 h
sampling periods (n = 4) with DEX suppression and no HC, 20 mg
of Infacort®, 20 mg licensed HC tablet and HC intravenously (iv).
The washout period between study periods was at least 1 week.
Asterisks randomised study periods

Study 2 included an additional evaluation of the
endogenous cortisol synthesis without treatment over 24 h at
the beginning of the study, in which C,,, and CBG were
determined once every hour for 24 h (15:00-15:00; Fig. 1,
bottom). Subsequently, the participants (n = 14 [15])
received only dexamethasone (1 mg), dexamethasone and
single doses of Infacort® 20 mg or licensed oral hydrocor-
tisone 20 mg tablet (Auden Mckenzie Ltd, Ruislip, UK) in a
random order followed by intravenous bolus hydrocortisone
administration (hydrocortisone succinate) with a washout
period of atleast 1 week. In these periods C,, and CBG were
sampled pre-dose, and 0.25,0.5,0.75, 1, 1.25,1.5,2,2.5, 3, 4,
5,6, 8,10 and 12 h post hydrocortisone dose/period start. In
addition, unbound concentrations (C,) were obtained for
samples at 22:00, 07:00 and 09:00 in absence of dexam-
ethasone and pre-dose and 2 h post-dose after administration
of dexamethasone with/without hydrocortisone (Fig. 1).
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Participants in both studies received standardised meals
after administration of hydrocortisone (08:00 and 13:00) to
not interfere with the absorption process. In both studies,
body weight (BW), height and age were recorded, and
participants with insufficient suppression, as judged by
elevated adrenocorticotropic hormone, were excluded from
the analysis. Samples for Ciy, C, and CBG were imme-
diately frozen and stored at —20 °C or below prior to
analysis. Cy,, was quantified by a cortisol liquid chro-
matography—tandem mass spectrometry (LC-MS/MS)
assay with a lower limit of quantification (LLOQ) of
1.4 nmol/L. Intra-assay variability (coefficient of variation
[CV]) was <15% at LLOQ and <10% for 22-552 nmol/L
[6]. C, was quantified using temperature-controlled ultra-
filtration at 37 °C followed by a cortisol LC/MS-MS assay
(LLOQ = 0.8 nmol/L, intra- and interassay variability <8
and <9.5%, respectively) [15]. The sample volume was not
corrected after ultrafiltration as collection of ultrafiltrate
was kept to a minimum, i.e. 10-20% of the total plasma
volume. Adsorption to the ultrafiltration device was
assessed and was found to be negligible. CBG was quan-
tified using ELISA (Biovendor, Brno, Czech Republic;
LLOQ = 3.13 ng/mL, intra- and inter-assay variability of
<3 and <8%, respectively) [19].

2.2 Population Pharmacokinetic Analysis

The semi-mechanistic population pharmacokinetic model
was developed in three sequential steps: (i) binding model,
(ii) CBG model, and (iii) semi-mechanistic pharmacoki-
netic model, using NONMEM® 7.3 [20] and Perl speaks
NONMEM (PsN 4.4.0) [21]. For pharmacokinetic param-
eter estimation the first-order conditional estimation with
interaction was used for the binding and CBG model,
whereas stochastic estimation algorithms (Stochastic
Approximation  Expectation Maximisation [SAEM]
method with interaction followed by Monte-Carlo Impor-
tance Sampling Expectation Maximisation method) were
used for the semi-mechanistic model. Only 4% of the post-
dose C, in the hydrocortisone periods were less than the
LLOQ and were therefore disregarded. No CBG or Cy
concentrations were less than the LLOQ.

2.2.1 Plasma Protein Binding and Corticosteroid-Binding
Globulin (CBG) Model

The plasma protein binding model of cortisol was estab-
lished using log-transformed Ci,, observations for which
the corresponding C, was available. Linear, non-linear and
combined linear and non-linear binding models were
assessed. The combined model (exemplified in Egq. 1),
derived the bound concentration (C,) by estimating the
equilibrium dissociation constant (K,), the linear non-

A\ Adis

specific binding parameter (NS) and the maximum binding
capacity (Bmax)- Using CBG as a covariate for B,,x was
evaluated. Constant CBG concentrations were observed
after dexamethasone administration (Fig. S1, Electronic
Supplementary Material [ESM] Online Resource 1); thus, a
CBG model with a constant CBG baseline (Baselinecgg)
and interindividual variability (IIV) was estimated using
untransformed data from periods with dexamethasone.

Binax - Cy
- +NS - C, (1)

Cp =2 v
b Kd+Cu

2.2.2 Semi-Mechanistic Pharmacokinetic Model

The pharmacokinetic model was developed on log-trans-
formed C,, after administration of Infacort® or intravenous
hydrocortisone from both studies. Measured Cy before and
after treatment were similar, hence a constant cortisol
baseline (Baseline,,) was estimated [22], and included in
the model according to Eq. 2, in which C, was derived
from the amount in central compartment (A.), the central
volume of distribution (V) and the Baseline_. Different
disposition models (one, two and three compartments)
were evaluated and allometric scaling with exponents of
0.75 and 1 was implemented for CL and distribution
parameters, respectively. Absorption was assessed as first-,
zero-, sequential zero- and first-order absorption and sat-
urable absorption. The latter is exemplified in Eq. 3, for
which the maximum absorption rate (V,,x) and amount in
the depot compartment (Agepo) resulting in half Vi, (Kr)
were estimated. The binding model was included in the
pharmacokinetic model by fixing the binding parameters.

Ac .
Ciot = V. + Baseline . (2)

C

dAdepot _ _Vmax : Adepo[

3
dr Km + Adepot ( )

IIV was implemented as an exponential model, thereby
assuming a log-normal distribution of structural pharma-
cokinetic parameters. IIV parameters not being estimated
were fixed to a CV of 15%, to allow for the SAEM algo-
rithm to converge efficiently. Residual variability (RUV)
was modelled as an additive error on the log scale, except
for the CBG model, for which a proportional error model
on linear scale was used. Assessment of available covari-
ates was pursued if relations were observed between
covariates and parameter estimates.

2.2.3 Model Evaluation
Model performance was assessed by goodness-of-fit plots,

parameter plausibility and precision, model stability and
objective function value (OFV). Nested models were
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compared using the likelihood ratio test, and a reduction in
the OFV of 3.84 points was considered statistically sig-
nificant (corresponding to a p value of 0.05 for large
samples). The Akaike Information Criterion (AIC) was
used for non-nested models. Precision of parameter esti-
mates was assessed using parameteric bootstraps in PsN
(n = 1000) [21]. Predictive performance was evaluated by
visual predictive checks (VPCs) in which the percentiles
(5th, 50th and 95th) of observed and simulated data
(n = 1000) were compared (R package: VPC [23]). In
addition, an external model evaluation (VPC, n = 1000)
for the developed binding model was performed using
plasma protein binding data from Lentjes and Romijn [10].

2.3 Simulations

The different concentrations of cortisol (unbound, specific
binding, non-specific binding) were simulated in R 3.3.0
[24] using the developed binding model and the typical
CBG baseline over a range of Cy, from 23.7 (corre-
sponding to C, of 0.5 nmol/L) to 492 nmol/L (the 75th
percentile of observed C,,x from Knutsson et al. [25]; see
paragraph below).

To explore the dose—exposure relationship of Infacort®
(0.5-20 mg), Cpax and AUC in individuals with different
BW (5-100 kg) and the typical CBG concentration were
simulated without variability using the semi-mechanistic
pharmacokinetic model in NONMEM®. The simulated
Ciax and AUC were compared to Cp,,x and AUC values
extracted from Knutsson et al. [25] from healthy paediatric
volunteers (2.2-18.5 years): the Cp,,x comparison range,
consisting of the 25th—75th percentiles of the Ci,, for the
morning peak in children was extracted digitally using
WebPlotDigitizer [26]. The AUC comparison range (95%
confidence interval) was derived as one-third of the 24 h
AUC for children, assuming a recommended three times
daily dosing regimen with equal doses.

3 Results
3.1 Data Analysis
The median BW and height were similar between study 1

and 2, whereas the median age was slightly higher in study
1 (43.5 years) than in study 2 (28.5 years), but still in the

same range. The distributions of all demographic factors
were similar between the two studies; hence, no differences
in pharmacokinetic parameters based on demographic
factors were expected (Table 1). Due to insufficient corti-
sol suppression, one and three study periods for two par-
ticipants in study 1 were excluded from the analysis (4.3%
of all periods).

The concentration—time profiles showed a bi-phasic
decline of hydrocortisone after intravenous and oral
administration with all profiles approaching and stabilising
at approximately 10-20 nmol/L (Fig. 2a). The highest
Infacort® dose had a more pronounced mono-phasic
decline than the lower doses, indicating non-linear distri-
bution, elimination and/or absorption processes. In addi-
tion, the dose-normalised concentration—time profiles
(Fig. 2b) were not superimposable, the lower doses had
higher dose-normalised C,.x values, and time to C,.x
(tmax) Was slightly delayed for higher doses.

3.2 Population Pharmacokinetic Analysis
3.2.1 Plasma Protein Binding and CBG Model

The binding model was established using 61 C, values and
the respective Cy, from 11 participants in study 2. A linear
relation was observed between total versus unbound cor-
tisol concentration in their lower and a non-linear relation
in their higher concentration range (Fig. S2, ESM Online
Resource 2). A combined linear and non-linear binding
model described the data best, judged by reduction in OFV
and performance of the VPC (Fig. 3a). Initially, By,,x and
its associated IIV were estimated (Bpax: 495 nmol/L,
®WBnax: 17% CV). To provide a more mechanistic inter-
pretation, B,.x was derived based on the measured CBG
and a parameter reflecting the number of CBG binding sites
(NcBg, Eq. 4). This approach explained more than half of
the IIV, and considerably reduced OFV (AOFV: -16.2).
The estimated Ncgg was very close to 1 and hence fixed
(Table 2). The derived B.x [median (range)] was very
plausible [414 (312-632) nmol/L]. Moreover, the devel-
oped binding model adequately predicted the published
binding data reported in Lentjes and Romijn [10], which
was not used for model building (Fig. 3b). The 895 CBG
concentrations in study 2 were accurately described by a
constant baseline of 22.4 pg/mL (Fig. S3, ESM Online
Resource 3), which was used to impute the missing CBG

Table 1 Covariates [median
(range)] for all healthy

Covariates

Total population

Study 1 Study 2

volunteers (total population,
n = 30), and separately for
study 1 (n = 16) and 2 (n = 14)

Body weight (kg)
Body height (m)
Age (years)

81.8 (63.6-102.7)
1.79 (1.64-1.96)
31.5 (21.0-60.0)

81.6 (64.7-96.0)
1.77 (1.64-1.95)
43.5 (21.0-59.0)

82.9 (63.6-102.7)
1.83 (1.68-1.96)
28.5 (22.0-60.0)
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Fig. 2 Absolute total cortisol
concentration—time profiles

(a) and dose-normalised cortisol
concentration—time profiles

(b) after oral administration of
Infacort® 0.5 mg (n = 15),

2 mg (n = 16), 5 mg (n = 15),
10 mg (n = 14) and 20 mg

(n = 14) and intravenous
administration of
hydrocortisone succinate
(n=14)
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concentrations for study 1. The associated IIV was low
(12.9% CV).

Bmax = CBG - Ncgg 4)

The binding model was used to simulate the unbound
and bound cortisol concentrations (with specific or non-
specific binding) for concentrations including the target
Cpax 1n children from Knutsson et al. [25], and the
respective fractions were derived. The specific binding (i.e.
binding to CBG, dark-blue area) was higher for lower
(89%) than for higher (70%) concentrations (Fig. 4). The
fraction of cortisol bound with non-specific binding (i.e.
albumin and erythrocytes, blue area) increased from 8.7%
at low concentrations to 24% at higher concentrations. In
the evaluated Cy. range (23.7-492 nmol/L), the fraction of
unbound cortisol (light-blue area) increased considerably
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from 2.1 to 6.4%, translating to C, ranging from 0.5 to
31.5 nmol/L.

3.2.2 The Semi-Mechanistic Pharmacokinetic Model

The semi-mechanistic pharmacokinetic model was devel-
oped using 1705 C, values from 30 patients from both
studies. A two-compartmental model estimating CL, V,
intercompartmental CL (Q) and peripheral volume of dis-
tribution (V},), described the hydrocortisone profiles better
than a one-compartmental model (AOFV: —96.9). Addition
of a third compartment did not change OFV. As expected,
use of linear pharmacokinetics to describe the hydrocorti-
sone pharmacokinetics resulted in large discrepancies
between observed and predicted concentrations. Inclusion
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Table 2 Population pharmacokinetic parameters and the respective
95% confidence interval for the binding model, corticosteroid-binding
globulin model and semi-mechanistic pharmacokinetic hydrocorti-
sone model

Model Parameter estimate 95% CI
Binding model
Ncee 1 FIX
K4 [nmol/L] 9.71 8.89-10.4
NS 4.15 3.72-4.70
Interindividual variability
®Ncgg (CV%) 7 1.56-10.4
Residual variability
cexp” (CV%) 7.25 5.13-8.56
CBG model
Baselinecpg (ug/mL) 22.4 20.8-24.1
Interindividual variability
mBaselinecgg (CV%) 12.9 8.43-15.5
Residual variability
Gprop (CV%) 6.44 5.86-7.01
Pharmacokinetic model
CL* (L/h) 131 111-148
V(L) 33 2.73-3.78
Q" (L/h) 94.9 75.6-118
V,' (L) 60 50.1-69.5
Baseline . (nmol/L) 15.5 14.0-17.3
Vinax (nmol/h) 10,100 7620-12,200
K, (nmol) 2230 1410-3090
F 0.369 0.302-0.423
Interindividual variability
oCL (CV%) 25.6 13.8-32.2
Corr (CL, V) 1 1-1
oV, (CV%) 29.7 15.7-37.8
mBaseline o (CV%) 30.8 21.1-394
Residual variability
oexp® (CV%) 14.3 12.2-16.3

o interindividual variability, ¢ residual variability, Baseline gz CBG
baseline, Baseline,,,; endogenous cortisol baseline, CBG corticos-
teroid-binding globulin, CI confidence interval, CL clearance, Corr
(CL, V.) correlation between CL and V., CV% percentage coefficient
of variation, F scaling factor of amount in depot, K; equilibrium
dissociation constant, K,, amount in depot compartment resulting in
half of Viux, Ncgg number of CBG binding sites, NS linear non-
specific binding constant, Q intercompartmental clearance, V. central
volume of distribution, V,,,, maximum absorption rate, V), peripheral
volume of distribution

# Parameters were allometrically scaled using a body weight of 70 kg

° Estimated as additive error on a log scale

of a saturable absorption improved the description of the
absorption phase across doses, allowing also for a slightly
delayed ..« for higher doses. Subsequently, the binding

1001

754

% unbound

504 % nonspecific binding

. % specific binding

% Cortisol

254

100 200 300 400 500
Total cortisol concentration [nmol/L]

Fig. 4 Simulated cortisol fractions (%) as unbound, with non-specific
binding (linear) or specific binding (non-linear) based on the final
binding model. The total cortisol concentration range corresponds to
the predicted concentration range if considering the maximum
concentrations (75th percentile) in children observed from Knutsson
et al. [25]

model was incorporated to account for the non-linear dis-
position and elimination (Egs. 5-7). Equation 5 derived the
unbound amount (A,) in the central compartment from A,
assuming parallel linear and non-linear binding in rapid
equilibrium. The non-linear binding parameters K and A .«
corresponded to Ky and Bi,.x, but expressed in amounts
instead of concentrations. Inclusion of the binding model
improved model performance, especially for higher doses.
The semi-mechanistic model was finally described by
Egs. 2-7, in which only A, can be distributed or elimi-
nated, similar to a previous publication [27]. Alternative
approaches to consider the non-linear pharmacokinetics
included, for example, (i) implementing plasma protein
binding using the Wagner equation [28]; and (ii) estimating
a dose-dependent bioavailability. These approaches resul-
ted in unstable models with less precise estimates and/or
higher OFV than the selected model approach and were,
thus, not supported by the data and not further considered.

A, =
A = K(14NS) = Ay +\/(Ac = K(1+ NS) — Ay +4KA(1 + NS)
2(1+NS)

(5)
dA.  Viax - A CL
GAc _ Vma depfi.Aufg.Aqug.Ap (6)
dr Km +Adep Vc VC VP
da, 0 0
—P_ = A=A 7
a v, "oy, ? @

IV was supported for CL, V. and Baseline.,, which
were moderate (25.6-30.8% CV). A positive correlation
between CL and V, was identified, and RUV was minor
(14.3% CV). Allometric scaling was applied for CL and
volume parameters, but addition of further covariates was
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Fig. 5 Schematic representation of the final semi-mechanistic hydro-
cortisone model considering the endogenous cortisol baseline (Base-
line..) after suppression with dexamethasone, and plasma protein
binding. A, amount bound, A,:Alb amount bound to albumin, A,:CBG
amount bound to corticosteroid-binding globulin, A, amount in
depot compartment, A, amount in peripheral compartment, A,
unbound amount, B,,,, maximum binding capacity, CL clearance,
K, equilibrium dissociation constant, K, amount in depot compart-
ment resulting in half of V. NS linear non-specific binding
parameter, Q intercompartmental clearance, V. central volume of
distribution, V,,,,, maximum absorption rate, V,, peripheral volume of
distribution

not supported by the data. The final parameter estimates
and a schematic representation are available in Table 2 and
Fig. 5, respectively. Although a slight underprediction was
observed for the initial phase in the VPC for the highest
Infacort® dose, the developed model described the overall
central tendency and variability very accurately in all doses
and via different administration routes (Fig. 6).

3.3 Predicting Cortisol Exposure in Paediatric
Patients

Simulations were performed to illustrate the impact of the
non-linearities in the semi-mechanistic model on cortisol
exposure, and to evaluate the predicted exposure after the
administration of different doses to virtual patients with
different BW (5-100 kg). As expected, dose-normalised
Cnax and AUC was higher and varied more for low than for
high doses (Fig. 7a, b). Both C,,x and AUC decreased with
increasing BW in the virtual population (Fig. 7c, d). The
exposure varied considerably for a given BW for patients
with low BW (<20 kg), and stabilised at adult BW
(>55 kg). As paediatric comparison ranges, AUC and C,.x
from physiological cortisol concentrations in healthy pae-
diatric volunteers were extracted from Knutsson et al. [25].
Large discrepancies in the dose selected for each BW range
was observed for the AUC and C,,,, comparison ranges,
and C,,.x overall suggested lower doses than the AUC
range. The largest difference in appropriate dose selection
was observed for lower BW of, for example, 20 kg, for
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which a three- to fourfold difference in doses was observed
(Chax: 1 mg; AUC: 3-4 mg).

4 Discussion

We developed a population pharmacokinetic model to
describe the complex pharmacokinetics of hydrocortisone
with a semi-mechanistic approach. Model complexity
could be supported, since oral data from a large dose range
(0.5-20 mg), with additional information after intravenous
administration (20 mg), were available from two clinical
trials in adults. The semi-mechanistic model formed the
basis for extrapolation to paediatric patients, and demon-
strated the need to optimise dosing especially in paediatric
patients <20 kg.

Clinical trials performed in healthy volunteers need to
demonstrate that they reflect the situation in the target
population. In the current study, this would mean that the
healthy adults should reflect the low/no endogenous corti-
sol synthesis and sequentially diminished negative feed-
back of the hypothalamus—pituitary—adrenal (HPA) axis
observed in patients with adrenal insufficiency. Participants
in both studies received dexamethasone prior to hydro-
cortisone treatment to suppress endogenous cortisol syn-
thesis (to mimic the disease) and improve quantification of
the exogenous hydrocortisone. After administration of
Infacort®, cortisol concentrations in all dose groups
decreased relatively fast from Cp,x until approaching
concentrations similar to pre-dose concentrations (Fig. 2).
A constant baseline was therefore estimated (15.5 nmol/L)
to consider the endogenous cortisol. This approach allowed
for appropriate parameter estimation and thereby supports
the potential extrapolation to patients. Extrapolating this
constant Baseline.,; of 15.5 nmol/L to the paediatric
patients is a strong assumption. Undetectable morning and
evening baseline cortisol concentrations (LLOQ: 28 nmol/
L) were, however, reported in paediatric patients on treat-
ment [29]. This indicates little endogenous synthesis of
cortisol in this patient population, and supports that this
baseline value could be appropriate. Further studies in
paediatric patients with adrenal insufficiency are necessary
to elucidate whether a constant Baseline.,; can also be
applied to patient data.

Previous pharmacokinetic analyses of hydrocortisone used
one- or two-compartmental disposition models, depending on
administration route and study design [4, 13]. Our data were
most accurately described by a two-compartmental model,
although a trend of a mono-phasic decline was observed for
higher doses, potentially due to the slight time delay in
absorption masking the first disposition phase. The absorption
process was successfully described by saturable absorption
model (Michaelis—Menten kinetics). The K, was 2100 nmol,
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Fig. 6 Visual predictive check
(n = 1000) stratified by study
periods. Lines 5th, 50th and
95th percentile of observed
(red) and simulated (blue) data;
corresponding areas 95%
confidence intervals around the
simulated percentiles; red
circles observations
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indicating a saturated absorption for doses >5 mg (5 mg:
5090 nmol in the depot compartment). The non-linear
absorption process could be due to poor solubility at higher
doses, which has previously been described in experiments
in vitro [30].The lowest doses were below K, for which a
first-order absorption rate constant (V,./K,) of 4.53 h~!can
be assumed, indicating a rapid absorption with absorption
half-life (1 absorption) = ~ 10 min.

Time after dose [h]

In addition to Cy, multiple C, measurements were
available from 11 participants. This allowed for establish-
ing a binding model that was integrated into the pharma-
cokinetic model. Both non-linear (specific) and linear (non-
specific) processes were identified (Fig. S2, ESM Online
Resource 2), plausibly corresponding to binding to CBG
(high affinity, limited capacity) and albumin/erythrocytes
(low affinity, high capacity), respectively. To provide a
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Fig. 7 Simulated maximum
concentration (Cp,.x) (a, ¢) and
area under the total cortisol
concentration—time curve
(AUC) (b, d) for administration
of Infacort® 0.5-20 mg to a
virtual population with body
weights ranging from 5 to 100
kg. a, b Display the dose-
normalised C,.x and AUC
versus dose for each body
weight. ¢, d Display the C,x
and AUC versus body weight,
for which solid and dashed lines
correspond to the doses
included and not included in the
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percentiles of the peak cortisol c
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paediatric volunteers in absence
of dexamethasone from
Knutsson et al. [25]. The blue
area for AUC in d corresponds
to a third of the observed AUC
from time zero to 24 h (AUC,y)
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from Knutsson et al. [25]
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more physiological interpretation, B,,x was substituted by
the measured CBG concentration and a parameter (Ncpg)
representing the number of binding sites of CBG to corti-
sol. Consequently, >50% of the IIV of B,,.x was explained
by the individual CBG concentration. The IIV of Ncgg can
therefore rather be regarded as RUV for the CBG mea-
surements, with 7% CV potentially corresponding to
imprecision of the bioanalytical assay. Fixing Ncpg to 1
(estimate = 1.09), i.e. one binding site for cortisol per
CBG molecule, was in line with previous findings [31].
Furthermore, the derived B, using CBG concentrations
was well in agreement with Toothaker et al. [3], suggesting
a saturable binding at Cy, >550 nmol/L. The Ky
(11.8 nmol/L) and NS (3.12) were in similar ranges as
previous estimates (Ky: 33 nmol/L [32], NS: 1.75 [33]).
Additionally, an external model evaluation was performed
to increase model reliability. The binding model ade-
quately predicted the observed data from Lentjes and
Romijn [10], with Cy ranging between 300 and 850 nmol/
L. A slight overprediction was, however, observed,
potentially due to the use of another assay in Lentjes and
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Romijn [10]. Furthermore, the impact of the specific and
non-specific binding processes of cortisol were simulated
using Cy, in a 20-fold range (23.7-492 nmol/L, Fig. 4),
illustrating the importance of the specific and non-specific
binding for lower and higher concentrations, respectively.
A three-fold increase was observed in fraction unbound,
which together with Cy translated to a large range (~ 60-
fold) in C, (0.5-31.5 nmol/L).

Biax was derived using CBG, which was not quantified
in study 1. A CBG model was therefore established to
enable imputation of CBG in study 1. The CBG measured
in our study was in the lower end of reported reference
ranges, which are rather large, indicating a large variability
between individuals and/or high variability in analytical
assays, e.g. reference range given as [mean (standard
deviation)]: 31.7 (12.6) mg/L [19]. Previous studies have
indicated that CBG displays a circadian rhythm [15, 34],
whereas other studies have contradicted this [35]. CBG
concentrations were approximately constant from 07:00 to
19:00 (Fig. S1, ESM Online Resource 1), thus a constant
CBG baseline with associated variability was sufficient to
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describe the CBG concentrations during this time span. It
remains to be elucidated whether the circadian rhythm of
CBG needs to be considered if applying the model at
timepoints outside the studied daytime interval.

Few previous pharmacokinetic models have considered
the plasma protein binding of cortisol. We acknowledge
that changes in plasma protein binding are rarely clinically
relevant after oral administration and may have little
impact of unbound exposure. The plasma protein binding
may, however, have an impact on the pharmacokinetic
parameter estimates and sequentially the description of the
total concentrations [36]. In our model, the inclusion of the
binding model significantly improved model performance,
especially for higher doses (10 and 20 mg), which also had
most Cy, concentrations above B,.x. When including the
binding model, CL, Q, V}, and F were stated with respect to
C, values, preventing a direct comparison with previous
parameters. The previous NCA indicated a dose-depen-
dency in AUC [6], which could be explained either by
decreasing F or increasing CL with higher doses. The latter
scenario is compatible with our semi-mechanistic model, in
which the fraction unbound increases with increasing
doses, resulting in an increased CL after saturation of CBG.

In summary, we applied a non-linear mixed-effects
modelling approach to evaluate the pharmacokinetics after
rich sampling in healthy adult participants. Rich data
allowed for the development of a semi-mechanistic model
that incorporated known aspects of hydrocortisone phar-
macokinetics, such as its saturable binding to plasma pro-
teins. Each of the features implemented was supported by
an improvement in the model predictions, considerable
reduction in the OFV/AIC and acceptable precision of
parameters. The semi-mechanistic model was developed on
a wide range of doses, including doses used in the paedi-
atric population, and mechanistic understanding, which
supports its potential use in paediatrics and for various age
groups.

One powerful application of the validated population
model is to explore new scenarios and guide dose selection.
The aim of the current model presented was to extrapolate
knowledge to a paediatric population and evaluate the
resulting exposure. We explored how C,,,x and AUC vary
with different BW (including BW expected in a paediatric
population). There is currently no validated pharmacoki-
netic target for the hydrocortisone therapy in this popula-
tion, but one plausible option would be to mimic the
physiological cortisol concentration. One important aspect
to be monitored is the morning cortisol concentrations,
which is why the average C,.x and AUC of cortisol in
healthy paediatric volunteers were derived from Knutsson
et al. [25] and used as reference. By using deterministic
simulations, we visualised how the C,,,x and AUC differ

with different BW and compared them with proposed
pharmacokinetic targets derived from Knutsson et al. [25].
The model predicted a much larger variation in Cp,,x and
AUC within a small BW range in individuals <20 kg. This
implies that defining an accurate dose to replicate physio-
logical concentrations becomes very important for children
<20 kg. These simulations represent an extrapolation of
the semi-mechanistic model to a special population with
different BW range. It should be noted that the simulations
did not consider age-relevant factors, such as maturation of
CBG for neonates [37] or the slightly lower and higher 5o~
reductase activity in neonates and infants [38], respec-
tively. Clinical interpretation of the results should therefore
be made with caution for patients below 2 years of age
(BW <15 kg [39]) before these results have been verified
with prospective clinical trials.

As next step, further analyses should assess the capa-
bility of the model to extrapolate pharmacokinetic knowl-
edge in particular to paediatric populations, and whether
additional model refinements, such as inclusion of matu-
ration processes, are needed. The developed semi-mecha-
nistic model represents a first step towards a better
understanding of  hydrocortisone  pharmacokinetics,
extrapolation to paediatric patients, and can potentially be
used to evaluate Infacort® therapy in this population.

5 Conclusions

By using rich data from adult healthy participants, we
established a semi-mechanistic population pharmacoki-
netic model for hydrocortisone accounting for (i) constant
Baseline., after dexamethasone suppression; (ii) non-lin-
ear plasma protein binding to CBG and linear binding (e.g.
to albumin/erythrocytes); and (iii) a saturable absorption
process. In addition, we assessed the predicted exposure in
a wide range of doses and for a wide range of BW to
illustrate the usefulness of the model using two pharma-
cokinetic comparison targets (Cpnh.x and AUC). The
developed model captures the complex pharmacokinetics
of hydrocortisone in a comprehensive framework and can
potentially be used to extrapolate information to paediatric
populations. Our simulations imply the need to define an
exact dose to replicate physiological cortisol concentra-
tions for paediatric individuals <20 kg.
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