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Abstract

Aims: There is a potential risk of systemic side-effects with the use of potent cortico-
steroids, such as clobetasol propionate (CP). This concern is of particular interest in
paediatric patients. The aim of this study was to develop and verify a physiologically
based pharmacokinetic (PBPK) model to describe the local and systemic exposure to
CP following topical application over a period of up to 4 weeks.

Methods: Data from 12 clinical studies in healthy adult subjects and patients with
atopic dermatitis (AD) were available for this investigation. A PBPK model including
skin barrier impairment was developed to predict the effect of AD lesions on sys-
temic exposure. Simulation scenarios were then evaluated to assess the effect of for-
mulation, skin condition and surface area (5%-60% of body surface area [BSA]) on
systemic exposure.

Results: The PBPK model described the absorption and disposition characteristics of
CP. Mean clearance, volume of distribution (V) and renal clearance were 27 L/h,
2.34 L/kg and 0.12 L/h, respectively. The half-life of CP after topical application was
significantly longer than after an IV dose (20.8 vs. 5.2 h). Systemic CP concentrations
were higher with increasing surface area and skin barrier impairment. However, CP
accumulates in the stratum corneum as the skin barrier function improves during
treatment.

Conclusions: Systemic and local exposure to CP increases with impaired skin barrier
in AD and larger application area. Given the recommended maximum dose of 50 g
per week, CP should not be applied to an area of more than 30% of the BSA. Avail-
ability of this model will allow extrapolation of CP pharmacokinetics from adults to

children.
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1 | INTRODUCTION

Clobetasol propionate (CP) is a potent topical corticosteroid indicated
for short-term treatment (2-4 weeks) of psoriasis (excluding wide-
spread plaque psoriasis), recalcitrant dermatoses (e.g., recalcitrant
eczema) and other skin conditions which do not respond satisfactorily
to less potent steroids. CP is available as both a cream and ointment
formulation (Dermovate, 0.05% w/w). The current recommendations
for the use of CP cream or ointment is to apply it thinly over the
affected areas once or twice daily, and total weekly doses should not
exceed 50 g for 2-4 weeks.>?

As CP belongs to the most potent class of topical corticosteroid
(TCS), there is a concern that it may exert adverse systemic effects,
including hypothalamic-pituitary-adrenal (HPA) axis suppression and
Cushing's syndrome.® However, it is not evident whether such a
concern applies to CP cream or ointment when it is used as recom-
mended according to its label. High doses (>50 g/week) or pro-
longed use (>2 years) in patients with AD or psoriasis have been
linked to effects of HPA axis suppression and Cushing's syndrome.
In one study, a linear relationship between the dose CP cream with
HPA axis suppression was observed, with doses of CP cream above
50 g/week associated with cortisol suppression.* These reports
highlight the importance of using CP as recommended, as clinically
meaningful HPA suppression was not observed at therapeutic
doses.>®

High systemic concentrations of corticosteroids can cause HPA
suppression; however, the amount of drug reaching systemic circula-
tion is expected to be low following topical application (<1%) com-
pared to other routes of administration (oral, inhaled, IV).2 In fact, high
doses of CP cream or ointment (>20 g daily) are required for CP con-
centrations in plasma to be quantifiable.” X° In these studies, large
variability in systemic concentrations of CP was observed following
topical application in subjects with normal skinl® and subjects with
AD.”~?

Characterizing the pharmacokinetics of CP in the relevant patient
population would provide further insight into the implications of inter-
individual variability in drug disposition. However, conducting such
clinical studies is not feasible or ethical and an alternative approach is
required.

Physiologically-based pharmacokinetic (PBPK) modelling is a
mechanistic approach to quantitatively predict the pharmacokinetics
of drugs in different populations by considering the biological system
and the physiochemical properties of the drug.!! The multi-phase and
multi-layer mechanistic dermal absorption (MPML MechDermA)
model in the Simcyp Simulator (Population-Based PBPK Simulator;
Simcyp Division, Certara UK Limited, UK) quantitatively describes
drug uptake and permeation through human skin, accounting for for-
mulation characteristics as well as body site- and sex-specific popula-
tion variability.? By considering physiological differences in the skin
barrier properties, this model can be used to extrapolate to different
patient populations and determine local and systemic drug exposure.
Importantly, the MPML MechDermA model also incorporates

What is already known about this subject

e Clobetasol propionate (CP) is a potent topical corticoste-
roid (TCS) indicated for the treatment of atopic dermatitis
(AD) in adults and children.

e Current recommendations on the use of TCS is based
on finger-tip units (FTU) and the maximum recommended
dose for CP cream or ointment (0.05% w/w) is 50 g
per week with a maximum treatment duration of 2-
4 weeks.

o If used at high doses and over a prolonged period, high
systemic concentrations of CP can cause side-effects
such as hypothalamic-pituitary axis (HPA) suppression
and Cushing's syndrome.

e The local and systemic pharmacokinetics, as well as the
implications of skin flares on the relative bioavailability of
CP are unknown following clinical doses.

What this study adds

e This dermal PBPK model describes in a mechanistic
manner both the local and systemic exposure of CP
following application of two topical formulations in adult
subjects.

o |t appears that changes to skin barrier due to lesional skin
increase the absorption of CP by 3.7-fold relative to nor-
mal skin, resulting in higher plasma exposure.

e CP should only be applied to a maximum application area
of 30% of BSA daily for 2 weeks as exceeding this would
exceed the maximum recommended dose of CP (50 g
weekly).

e The final model parameterization from adults offers an
opportunity to evaluate the pharmacokinetics of CP in
other populations (i.e., paediatric population from 1 year
old to adolescent) and inflammatory conditions for which
CP is indicated.

information on formulation attributes, physiochemical and structural
characteristics and dynamic changes, such as evaporation of
volatiles.!? This model has been used to quantify local and systemic
exposures of various dermatological products.*>14

The objective of this study was to develop a PBPK model for CP
to describe local and systemic exposure in healthy adult subjects and
in patients with AD. The availability of a PBPK model will provide an
opportunity to utilize all available clinical data to predict local and sys-
temic CP exposure across different clinical scenarios and conditions

to inform current dosing guidelines.
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2 | METHODS

21 | Clinical data

The clinical studies used to develop and verify the PBPK model
describing the plasma concentration vs. time profiles of CP in the
healthy adult population and in patients with AD are shown in Tables 1
and 2, respectively. Blood samples for the evaluation of pharmacoki-
netics (PK) were collected after intravenous (V) administration (Study
A®) and topical application of Dermovate cream (0.05% w/w CP;
Study B (part1),*® Study B (part 2),*¢ Study C*7 and Study D (part 1)*8)
and Dermovate ointment formulations (0.05% w/w CP; Study Study
D (part 2), and Harding et al. °). The concentrations of CP measured
in the stratum corneum (SC) following topical application of the cream
formulation!? were also used for model development.

Most of the studies used to develop and verify the dermal PBPK
model included pharmacokinetic data following whole body applica-
tions (Study B (part 1),*¢ Study B (part 2),*¢ Study C,*” Study D (part
1),*® and Study D (part 2)*®). As there was limited information on the
application site and information on the application area was not avail-
able, assumptions were made based on the mean body surface area
(BSA) of the population and the surface area of each body site was
estimated using the rule of nines.?° The trial design for each study fol-
lowing topical application of the CP cream and ointment formulation
is shown in Tables S4 and S5. The trial design for the adult population
with AD following topical application of the CP ointment formulation
(0.05%, w/w) is shown in Table Sé. Published pharmacokinetic data

from publications were digitized using WebPlotDigitizer.?*

2.2 | PBPK model development

The Simcyp Simulator population-based PBPK software (Certara UK
Ltd., Simcyp Division, Sheffield, UK; Version 22) was used to develop
the PBPK model. The strategy for developing the clobetasol PBPK
model followed best practices and utilized a ‘learn and confirm’

h?2, as shown in Figure 1. The Simcyp R library package was

approac
used to simulate different clinical trial scenarios, aimed at exploring
the implications of formulation, skin disease and surface area on sys-

temic and tissue exposure.

2.2.1 | Intravenous administration

The Simcyp compound file for CP was developed using physicochemi-
cal properties of the drug obtained from the literature and from the
DrugBank database (https://go.drugbank.com/). The mean parameter
values of systemic clearance (CL;y, 27.6 L/h) and renal clearance (CLg,
2 L/h) from Study A (n = 6) following an IV dose were used as initial

estimates for the PBPK model. These pharmacokinetic parameters
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were determined previously using a two-compartment model, with an
initial volume of distribution of about 18 L and a post-distributive vol-
ume of distribution averaging 164 L (Study A, Table 1).

A full PBPK distribution model was used, which enables
concentrations to be simulated in various major body organs. The
steady-state volume of distribution (V), which represents the pre-
dicted volume in blood and individual tissues of the PBPK model,
and the tissue-plasma partition coefficient (K,,) was predicted using
the Rodgers and Roland Method.?® The K, scalar was optimized to
match the Vg prediction with observed values using Study A
(164 L). To assess the accuracy of the predicted concentrations fol-
lowing oral administration of CP, the model was extended to a first-
order absorption model and pharmacokinetic predictions were com-
pared with observed concentrations (Tables S1 and S2 and
Figure S1).

2.2.2 | Dermal administration

The dermal absorption of CP was simulated by using the MPML
MechDermA model in Simcyp (Simcyp Simulator V22), which includes
eight components: (1) formulation; (2) stratum corneum, as a multi-
layer multi-phasic (lipid, protein and water) structure; (3) viable epider-
mis; (4) dermis; (5) hair follicle; (6) subcutis; (7) muscle (deep tissue)
and (8) local vasculature (blood circulation) (Figure S2).

Formulation characteristics
The physicochemical and structural characteristics of the CP cream
and ointment formulations were incorporated into the PBPK model
and are shown in Table 3. The topical CP formulations (cream and
ointment) were simulated as biphasic systems (oil-in-water) with
mean dispersed phase droplets of 10.5 uM. The composition of CP
cream used for model development was reported previously and con-
sisted of propylene glycol, water, various emulsifying agents, pH
modifiers, preservatives and buffer agents.?*2> The CP ointment for-
mulation consists of propylene glycol, sorbitan sesquioleate and
white soft paraffin.2 Some of the key parameters estimated using the
MPML MechDermA model require knowledge of the solubility of CP
in the dispersed and continuous phase of the formulation. As CP is
lipophilic and insoluble in water (3.86 pg/mL2%), the continuous phase
of the formulation contains propylene glycol (PG, 47.5% of the total
cream composition?>), which is a penetration enhancer and facilitates
the diffusion of CP into the SC. Although the solubility of CP was
determined previously only in agueous solutions of PG and water, its
solubility is in the presence of the other excipients was assumed to
be similar to that in PG.2°

The metamorphosis of formulation due to evaporation was con-
sidered for the cream formulation but not for the ointment formula-
tion. CP cream contains 30% water content?” and a mass reduction of

30% was observed at 5 h for Dermovate cream when stored at
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TABLE 1

Study
A

(part 1)

(part 2)

(part 1)

(part 2)

Au et al.

2010

Harding
etal.
1985

DUONG ET AL.
Studies on the clinical pharmacokinetics of clobetasol propionate in healthy subjects.
No. Application

Study details subjects Population Dosage regimen sites PK sampling Reference
Bioavailability study of CP 6 Healthy males 2 mg CP administered by  N/A Pre-dose, and at 15
following oral and IV intravenous and oral 0.25,0.5,0.75, 1,
administration routes. 2,3,4,6,8, 10,

12, 14, 24, 27,

30 h post-dose.

Urine collections

were made over

0-2,2-4,4-6,6-

8,8-12,12-24

and 24-30 h post-

dose.
PK study and 8 Healthy males Priming dose of 30 g CP Whole body Pre-dose, 2, 4, 6, 28
investigation of the cream (0.05%) applied excluding face, 8, 10, 12, 24, 48
percutaneous absorption 13 h prior to second neck, feet and and 96 h post-
of CP cream (0.05%) application of 30 g CP genital area dose.
applied to healthy cream (0.05%) .
volunteers
PK study and 7 Healthy males 15 g once daily for 12 Whole body Pre-dose, 2, 4, 6, 16
investigation of the nights excluding face, 8,10, 12, 24, 48
percutaneous absorption neck, feet and and 96 h post-
of CP cream (0.05%) genital area dose.
applied to healthy
volunteers (multiple dose)
PK study and 6 Healthy males 12.5 g twice daily of CP Trunk (upper Pre-dose, and at &
investigation of the cream (0.05%) for 6 days  torso) 12, 60, 120, 168,
percutaneous absorption 180 and 300 h
of CP cream (0.05%)
applied to healthy
volunteers (twice daily,
multiple dose)
PK study and 6 Healthy males 25 g CP cream (0.05%) Whole body Pre-dose, 18
investigation of the for 13 h. excluding face, 1,2,3,5,7,9,11,
percutaneous absorption Whole body without neck, feet and 13,
of CP cream (0.05%) with occlusion (protected with  genital area 24,30, 48,54 h
and without the use of t-shirt and long-john post-dose
occlusion pants), or with occlusion

(polythene suit)
PK study and 6 Healthy males 25 g CP ointment Whole body Pre-dose, &
investigation of the (0.05%) for 13 h. excluding face, 1,2,3,5,7,9,11,
percutaneous absorption Whole body without neck, feet and 13,
of CP ointment (0.05%) occlusion (protected with  genital area 24,30, 48,54 h
with and without the use t-shirt and long-john post-dose
of occlusion pants), or with occlusion
(polythene suit)

Investigation of the 30 Healthy CP cream (0.05%) dose 2 x 2. cm? Cream left on skin %7
concentration of CP in male and of 5.5 mg/cm?. application site for 2 h, excess
the stratum corneum female area on inner was removed.
using tape stripping subjects forearm (volar)  Tape striping is
method done 2 h and

5 min after dose.
PK study and 8 Healthy males Priming dose (13 h prior)  Whole body Pre-dose, 2, 4, 6, L

investigation of
percutaneous absorption
of CP from novel
ointment and cream
formulations (Study 4,
ointment only)

and a 30 g single
application of CP cream
(0.05%) to whole body
(excluding face, neck,
feet and genital area).

excluding face,
neck, feet and
genital area

8,10, 12, 24,48
and 96 h after
application.
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TABLE 2 Studies on the clinical pharmacokinetics of clobetasol propionate in subjects with atopic dermatitis (AD).
No. Application
Study Study details subjects Population Treatment details sites PK sampling Reference
Hehir Investigation of the 5 Male and CP ointment (0.05%), Whole body Pre-dose, 7
etal, pharmacokinetics of female 25 g single application excluding 1,3,6,9,12,
1983 clobetasol propionate subjects with face, neck, 24, and 48 h after
and clobetasol butyrate eczema feet and application. Some
after a single genital area samples also collected
application of ointment at36 h,72 hand 96 h
post-dose (n = 6).
Additional patients with
sample collected at
36 hand 72 h.
Sparidans  LCMS assay to 2 Female CP ointment (0.05%), Whole body Day 1, 2,9 and 14. E
etal., quantify clobetasol subjects with 30 g twice daily for excluding
2010 propionate severe AD 7 days followed by face, neck,
concentrations in either once daily for feet and
human serum. The further 5 days (Subject genital area.
study includes PK data A, 19 years) or twice Assumed AD
from two patients with daily for a further affected 30%
AD 10 days (Subject B, 66 of BSA.
years).
van Investigation of plasma 25 Male and CP ointment (0.05%), Whole body 17 h post-dose for 7
Velsen concentrations of female 20-30 g receiving excluding face  subjects receiving one
etal., clobetasol propionate subjects with  either one dose or two and genital dose of clobetasol and
2012 either one or two severe AD doses. area. 14 h post-dose for
applications of with mean Assumed AD subjects receiving two
clobetasol propionate BSA affected affected 59% doses of clobetasol.
cream (0.05%) in by disease of of BSA.
patients with severe 59%

AD.

room temperature.?® Since CP ointment did not have any volatile
components, it was assumed this formulation is not affected by

evaporation.

Optimizing dermal absorption parameters

The parameters describing the partition and diffusion through the
layers of the skin were initially all predicted using built-in quantitative
structure-activity relationship (QSAR) models, but this resulted in
poor predictions of CP in plasma and SC. A global sensitivity analysis
was conducted to determine the parameters that influence the local
and systemic concentrations of CP. The following parameters were
found to influence the local and systemic PK of CP: the partitioning
coefficient for the dispersed : continuous phase (Kpgis:cont), the cor-
neocyte permeability (P.y), the SC lipid to vehicle partition coefficient
(Kpsciip) and the diffusion coefficient of the drug through the SC
(Dsc,iip)- A description of these parameters and their effects are shown
in Table 4.

The Peen and Kpgis.cont Parameters are user-defined and there are
no equations available to predict the parameter value.'? The Py
parameter describes the partitioning of the drug into the corneocytes,
which impacts the extent of drug accumulation in the SC. Kpgis.cont
describes the solubility of CP in the different phases and is important
for defining the initial conditions of the amount of drug in the dis-

persed/continuous phase. As there are no QSAR equations to predict

Pcen and Kpgis.cont» these parameters were optimized using
pharmacokinetic data in plasma and in SC (Study B)."? Kpscjip, Was
predicted using QSAR equations based on the solubility of CP in the
different phases of the formulation.

To improve predictions for the ointment formulation, Dsc i, was
optimized to a higher value to indicate increased permeation of CP
due to a more hydrated skin. Study D (part 2) was used to optimize

Dsc.iip -

Verifying dermal absorption parameters

The optimized model parameters were verified using separate studies
to ensure the model can be generalized to other population groups.
Studies B (part 2), C and D (part 1) were used to verify the PBPK
model for the cream formulation. A separate study was used to verify

the predictions for the ointment formulation.©

Effect of occlusion

The effect of occlusion, using a polythene (PE) suit, was investigated
in Study D (part 1 and 2). It was assumed that the main effect of
occlusion was to prevent the evaporation of the cream formulations
and for increased permeation due to a more hydrated skin. Therefore,
predictions of CP in plasma with and without occlusion were
evaluated by removing the effect of evaporation and by setting the

Dsc,ip parameter to the same value as the ointment formulation.
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Physiochemical Adult in vivo
Data Data

PBPK Model for IV Optimise Kp scalarforVy; [
administration of CP 1

Study A (IV dose) l

Formulation characteristics

Extend absorption model
to MPML MechDerm A

Model
Adults (normal skin)
. Formulation
Optimise Kpgisp:cont Model Model
PBPK Model for CP Peellr Ds(,,,,,(fctr'7 Development Verification D ' rt | AD
afte_r .derm‘al ointment) p— s oy | Swavs G2 Skin physiology evelop vi . ua

administration Auetal. 2010 | StudyC data populations

Study D (part 1)
Ointment Study D (part 2) Harding et al. l

1985 Verify predictions

Hehir et al. 1983
Sparidansetal. 2010
van Velsen et al. 2012

—1 Simulation scenariosin adults with AD }—

Formulation Skin Condition Surface Area
Creamvs ointment Lesional, non-lesionaland normal skin 5% to 60%

FIGURE 1 PBPK workflow for the development and verification of the model performance for clobetasol propionate cream and ointment
formulations.

TABLE 3 Characteristics of CP cream and ointment (0.05%) used for the development of a dermal PBPK model.

Parameter Cream Ointment Source
Formulation simulation option Emulsion Emulsion
Viscosity (cP) 2773 6249 GSK Internal Data
pH of formulation 5 5 GSK Internal Data
Density of formulation (g/cm®) 1.1 0.8 GSK Internal Data
Drug solubility in continuous phase (mg/mL) 0.63 1.09 Based on CP solubility data for 70% PG/30% water
(cream) and 80% PG/20% water (ointment)?®
Intrinsic solubility in water (mg/mL) 0.00387 0.00387 CP solubility in water
Initial drug amount ratio dispersed/continuous phase  5.641 2.222 QSAR Predicted
Dispersed : Continuous Kp (Kpgisp:cont) 20 20 Optimized using in vivo data (Study B,*¢)
Volume fraction of dispersed phase (%) 22 10 Based on formulation composition
Radius of dispersed phase droplets (uM) 10.5 10.5 Mean size based on GSK Internal Data
Droplet permeability (cm/h) 1x10°° 1x10°° Default
Evaporation profile Zero order No Evaporation profile for cream was calculated based on
Molecular weight of vehicle (g/mol) 501 evaporation water content and volatile vehicle characteristics of
Density of vehicle (g/ml) 1.03 considered water
Zero order evaporation rate (ml/h) 31.69 (30%
Qv)
Vapour pressure at skin temperature (mm Hg) 9.87 (30% CV)
Maximum %(v/v) vehicle evaporated 30% (30% CV)
Air velocity (m/sec) 0.5 (30% CV) Default value
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TABLE 4 Description and effect of MPML MechDermA parameters on the pharmacokinetic characteristics of clobetasol propionate.
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Parameter Description Effect on PK

Peen Corneocyte membrane permeability: this parameter indicates the The default value of P is 1 x 107> (cm/h), and the lowest value
extent of partitioning of the drug into the corneocytes in the SC. is 1 x 1072, A low number indicates no partitioning into the
There are no QSARs available to predict this parameter. corneocytes, therefore there is no drug accumulation in the skin. A

high number will indicate high partitioning and accumulation into
the corneocytes and drug will stay in the SC over a prolonged
period of time.

This parameter was optimized to 1 x 10~ (cm/h) using Study A
and Au et al.*?

Kpsciip:v SC Lipid:vehicle partition coefficient. Kpscjip., controls the A lower number indicates a slower rate of permeation into SC. This
partitioning of the drug into the first layer of the SC and is rate- parameter was calculated by using the predicted partitioning
limiting. This parameter is dependent on the solubility of CP. Ksclip:water (value = 292), which describes partitioning between

water and SC lipids, with the solubility ratio of CP in the
continuous phase:water (0.633/0.0086 mg/mL = 164.6).
Therefore this resulted in a KpSClip:v value of 1.77 (292/164.6).

Dscip SC lipid diffusion coefficient. This parameter controls the diffusion  For the cream formulation, this parameter was predicted using
of the drug through the SC and the intercellular pathway is Johnson QSAR equation?? (3.03 x 10~% cm?/h). For the ointment
assumed to be the major route for most drugs.*? formulation, this value was optimized to a value of

7.0 x 1072 cm?/h, to indicate a higher rate of permeation through
the SC due to a more hydrated skin.

Kpgis:cont The partitioning coefficient of CP for the dispersed : continuous The solubility of CP in the different phases of the formulation is
phase of the formulation. This parameter describes the solubility unknown and this value can was tested in scenarios with values
of the drug in the different phases and is important for defining between 3.65 and 32.2° For Simcyp Simulator V22, this was a user
initial conditions.*? input parameter and cannot be calculated. Therefore, this

parameter was optimized to a value of 20, which provided the best
fit for the local and systemic concentrations of CP.
TABLE 5 Changes to skin parameter values relative to normal skin.

AD Skin Reduction in skin Reduction in skin Increase in Reduction in corneocyte

population  condition Thickness? (%) Hydration® pH® (%) surface area® (%) References

Adults Lesional skin 80 55 15 30 31,3334

Non-lesional 26 36 5 No data
skin

2The reduction in skin thickness refers to a reduction in SC layers, viable epidermis and dermis thickness, which varies by body site. For normal skin
(abdomen site), the mean number of SC layers is 13, mean viable epidermis thickness is 50 UM and mean dermis thickness is 2114 uM.

bFor normal skin (abdomen site), the mean hydration level for SC for normal skin (% water volume) is 33.9% for top 25% of SC layers, 44.7% for upper
middle 25% of SC layers, 55.5% for lower middle 25% of SC layers and 66.4% for bottom 25% of SC layers.

“For normal skin (abdomen site), the mean skin surface pH for SC is 5.6.

9For normal skin (abdomen site), the mean corneocyte length is 39.8 pM and the width is 33 uM.

2.3 | Developing a skin barrier impairment model
and lesion model in the AD population

To predict the systemic exposure to CP in the population of interest,
a model for skin barrier impairment was required. To develop this
model, changes in the skin physiology parameters for the virtual
healthy subject population (Sim-Healthy Volunteer) were made based
on observed changes in skin barrier function, hydration, pH and cor-
neocyte size for patients with AD (Table 4). Lesional skin is defined as
skin that is affected by AD with marked inflammation whilst non-
lesional skin is defined as clinically normal appearing skin in patients
with AD.2%3! Non-invasive bioengineering methods were used to
evaluate the skin barrier function, including measurement of the
transepidermal water loss (TEWL) and hydration of the SC

(corneometry). TEWL is a parameter that has been used extensively to
evaluate the skin barrier function and was found to be associated with
the skin thickness.®> Measurements of TEWL in adult subjects
with AD were found to be higher for both non-lesional and lesional
skin.3%33 Since the skin thickness (SC, viable epidermis, dermis) is the
parameter most sensitive to the dermal absorption of CP, the reduc-
tion in skin thickness (%) relative to subjects with normal skin was cal-
culated based on the mean TEWL values for lesional and non-lesional
skin (Table 5). The same method was used to calculate reduction in
skin hydration and increase in pH relative to subjects with normal
skin. In adults with AD, corneocyte size was also found to be approxi-
mately 30% smaller compared to normal skin.3* A sensitivity analysis
was conducted to explore the effect of each parameter modification

on the plasma concentrations of CP (Table S3).
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2.4 | Verifying the AD population
To evaluate PBPK predictions for adults with AD, three clinical studies
with PK data were used”~? for model verification purposes.

In one study, it was observed that subjects with higher BSA%
affected by AD have higher systemic exposure to CP.” In this study,
all subjects with AD received the same dose (25 g, applied to the
whole body); however, the surface area affected by AD ranged from
40% to 95% (% of total BSA). To simulate this scenario, the total
application area and the total dose (therefore application thickness)
was kept the same for each subject. To simulate the changes in sur-
face area affected by AD, the proportion of lesional to non-lesional
skin varied based on the %BSA affected by the disease. For exam-
ple, for a subject with 40% BSA affected, it was assumed that 40%
of the total application area was applied to the lesional skin and the
remaining 60% was applied to non-lesional skin. The application of
CP to non-lesional skin is a modelling concept to mimic the dosing
of CP in this study. In clinical practice, CP would only be applied to
lesional skin. Simulation scenarios covering a range of %BSA
affected by AD (5%-95%) were performed using a 10 subject x
10 trial design.

For the remaining studies, individual data were not available and
the mean BSA affected by AD (30%%, 59%°) was considered in the

simulations.

2.5 | Model performance and evaluation

Whenever possible, a fixed trial design was used to match the
demographics of the simulated population with the clinical trial
population. If this was not possible, the trial simulation included the
total number of subjects involved in a clinical study, the proportion
of female subjects and the age range of the clinical study. The num-
ber of simulation trials was such that at least 100 subjects
were simulated to compare with the observed data (Tables S4, S5
and Sé).

Model performance was assessed by using goodness-of-fit plots
by overlaying the observed and simulated mean concentration-time
profiles with the 5% and 95" percentiles. The variability in the data
was shown using error bars (95% Cl). The predicted/observed ratio
was also determined for the secondary pharmacokinetic parameters
(Cmaxs» AUC). The acceptance criteria assume that model perfor-
mance is acceptable if the predicted/observed ratio remains within

0.5-2.0 for each parameter.

2.6 | Characterizing absorption, local and systemic
exposure to CP

The final PBPK model was used to simulate local and systemic expo-
sure for adults with varying %BSA affected by AD. To determine the
dose to be used, the fingertip unit (FTU) guidance was used.®* In this

guidance, 1 FTU is equivalent to 0.5 g of topical corticosteroid.>> One

adult leg and foot involvement (19% of BSA based on the rule of
nines?°) would require 8 FTU (4 g) of topical corticosteroid.>> Assum-
ing the mean BSA of an adult is 1.8 m?, the recommended dose based
on this guidance is about 1.2 mg/cm?2.

For this simulation scenario, adults with AD (5%-60% of BSA
affected) were treated with CP cream or ointment (0.05% w/w) at a
dose of 1.2 mg/cm? for 2 weeks. The simulations were performed on
lesional skin, non-lesional skin and normal skin. A 10 subject x 10 trial
design was used, with subjects aged 18-80 years, and equal propor-
tion of male and female subjects. The abdomen was used as the repre-

sentative site.

3 | RESULTS

3.1 | Intravenous administration

The physicochemical, distribution and elimination parameters for the
IV model are shown in Table 6. There was good agreement between
the observed and predicted concentrations (Figure 2) and the pre-
dicted/observed ratios of PK parameters were within the acceptance
criteria (range 0.92-1.33; Table 7). The PBPK model was also used to
predict the PK of clobetasol following a single oral dose of 2 mg using
a first-order rate of absorption model. There was good agreement
between the observed and predicted concentrations (predicted/
observed ratio ranged from 0.80-1.29) following oral dosing, and the
oral bioavailability was estimated to be 50% (see Figure S1 and
Table S2).

3.2 | Dermal administration

Using two clinical studies which contained local and plasma
concentration data (Study B),YY P.y was optimized to a value of
1 x 1077 cm/h. Using sensitivity analyses (Study B),*° Kpgiscont
was optimized to a value of 20, to indicate a slower rate of
permeation of CP into the SC. For the CP cream
formulation, the QSAR-predicted value for the Dscjp, parameter
(3.03 x 10~* cm?/h) was used. For the ointment formulation, this
parameter was optimized to a higher value (7.0 x 1072 cm?/h). The
final parameter estimates for the dermal PBPK model of CP is
shown in Table 5.

The performance of the dermal PBPK model was evaluated
using goodness-of-fit plots of the observed and predicted CP con-
centration-time profiles in SC and plasma following topical applica-
tion (Figure 3). The predicted/observed ratio of all studies were
within the range of the acceptance criteria (Table 7). The apparent
plasma half-life was four-fold longer following dermal administra-
tion (mean 20.8 h) compared to IV administration (mean 5.2 h,
Table S7).

PE occlusion enhanced the absorption of CP following topical
application of the cream formulation, but it had no effect on the oint-

ment formulation. This is consistent with the formulation composition
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TABLE 6 PBPK model parameters for clobetasol propionate.
Parameter Value Source
Physicochemical Molecular weight (g/mol) 467 https://go.drugbank.com/drugs/DB01013
properties Log P (o/w) 3.5
pKa 13.63
Compound type Neutral
Blood to plasma ratio 1.2 QSAR predicted
fup, 0.07 QSAR predicted
Absorption Absorption model MPML
MechDermA
Drug Partition Coefficients (K)
Ksclip/water 292 Hansen 2013
Ksclip/vehicle 1.77 Hansen 20133¢
Ksebum/water 580 QSAR predicted
Ksc/ve 4.26 Shatkin and Brown 19917
Kpermis/ve 0.089 Modified Chen 2015
K 0.015 QSAR predicted*?
Kbermis/Blood 2.776 Shatkin and Brown 19917
Ksubcutis/Dermis 1 Assumed?
KMuscle/subeutis 1 Assumed®
KMuscle/Blood 1 Assumed?
Ksubcutis/Blood 1 Assumed?
Diffusion coefficients (cm?/h)
Deciip (cream) 3.03x 1074 Johnson 1996%°
Dsciip (0intment) 7.0x 1072 Optimized using Study D (part 2)
Tortuosity of lipid diffusion pathway of SC 2335 Johnson 1996%°
Dye 3.03x107* Modified Chen 2015%®
Dpermis 3.03x10°* Modified Chen 2015
Dsebum 9.70x 10> Modified Chen 2015°®
Fraction unbound in SC (fus) 0.11576 Polak and Patel 2016°7
Peell 1x 1077 Optimized using in vivo data (Study B, Au et al.*®)
Dsubeutis 3.03x 1074 Assumed similar to the dermis
DMuscle 303x10°% Assumed similar to the dermis
Distribution Distribution model Full PBPK
Vs (L/kg) 2.34 Rodgers and Rowland? (Simcyp Simulator, Method 2)
Ko 0.22 Optimized using Study A
Elimination Clearance type In vivo Clearance
CLyy (L/h) 27 CLy from Study A
CLg (L/h) 0.12 Study A

Abbreviations: CL,y, systemic clearance; CLg, renal clearance; fuy, fraction unbound in plasma; K, partition coefficient; Log P, logarithm of the octanol-
water partition coefficient (lipophilicity); pKa, negative logarithm of the acid dissociation constant; Vg, volume of distribution at steady-state.

#Parameters are not sensitive to simulation outcomes.

as the cream formulation contains volatile components (30% water),
while the ointment formulation does not. The effect of occlusion with
CP cream application was modelled by removing the effect of evapo-
ration and setting the Dsc i, parameter value to the same value as the
ointment formulation (7.0 x 102 cm?/h), which resulted in a ~20%

increase in the AUCq_s4 (Figure 4, Table 8).

3.3 | Predictions of systemic CP exposure in AD
population using a skin barrier impairment model

The performance of the skin barrier impairment model was verified
using observed CP concentrations in plasma of patients with AD (Fig-

ure 5). In one study, there was a proportional increase in the systemic
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FIGURE 2 CP plasma concentration-time profile following IV
administration of 2 mg to six healthy adult subjects. Black line
represents the mean of the simulated clobetasol concentrations, grey
shaded area represents the 5" and 95" percentiles of simulated
clobetasol concentrations, the points represent the observed
concentrations.

TABLE 7

subjects.
Study Formulation Dose (g)* Dosing regimen
Study A \% 0.02 Single dose
Study B (part 1) Cream 30 Two applications
Study B (part 2) Cream 15 Once daily, multiple dose
Study C Cream 12.5 Twice daily, multiple dose
Study D (part 1) Cream 25 Single application

Study D (part 2) QOintment 25 Single application

Harding et al. Ointment 30 Two applications

1985¢

CP exposure (AUCp_»4) with increasing %BSA affected by AD (Fig-
ure 5, Hehir et al.).” Even though the predictions for adults with 40%
and 60% BSA affected were well predicted, the CP exposure was
underpredicted for patients with 80% and 95% BSA affected by AD.
The virtual AD population was verified using two other clinical stud-
ies.®? The predicted/observed ratio following one (1.39) or two doses
(1.29) of CP ointment formulation were within the acceptance criteria
for a population with mean BSA affected by AD of 59%.” One study
reported two cases (Patient A and Patient B) of AD and it was assumed
that 30% of the BSA was affected by AD.® For Patient A (19 year old,
female; whole body dose, twice daily for 10 days then once daily for
5 days), the predictions of systemic exposure over the treatment dura-
tion (AUCy_33¢), Were satisfactory (predicted/observed ratio, 1.48). For
Patient B (66 year old, female), despite receiving higher doses of CP
(whole body application, twice daily for 14 days) compared to Patient A,
the systemic exposure for Patient B was much lower compared to
Patient A (Figure 5). The model therefore overpredicted the observed
concentrations by five-fold. Additionally, another scenario was simulated
assuming a 50% reduction in the application area (Figure 5). It is likely

that Patient B had poor adherence to treatment with CP ointment.

Observed and predicted secondary pharmacokinetic parameters following administration of clobetasol propionate to healthy male

Observed Predicted Ratio
Parameter Mean (95% Cl) Mean (95% Cl) (Pred/Obs)
ta (h) 39(0.2) 5.2 (4.9-5.6) 1.33
AUCo.30n (ngh/mL)  73.3(5.7)° 78.2(74.2-82.3)  1.07
AUCo.ne (ngh/ml)  74.8 (6.2)° 80.1(75.8-84.6)  1.07
ClLy (L/h) 27.6 (2.16)° 26.2(23.7-26.5)  0.95
CLg (L/h) 0.12 (0)° 0.11(0.11-0.11) 0.92
Tonax () 21.0(12.5-23) 31.1(27.3-44.7) 1.48
Crnax (ng/mL) 0.82 (0.50-1.14) 0.68(0.65-0.71)  0.83
AUCq3_06 (ngh/ml)  23.3(7.45-40.8) 42.9 (40.3-45.5)  1.84
Crnax (ng/mL) 0.76 (0.38-1.14)  0.85(0.79-0.90)  1.12
AUCo_577 (ng.h/mL) 108 (38.8-178) 195 (183-208) 1.81
AUCo_300 (ng:h/mL) 200 (137-263) 129 (114-144) 0.65
Tmax (D) 13.0(7.0-24.0)  20.8(14.6-35.1)  1.60
Crnax (ng/mL) 0.32(0.15-0.48)  0.36(0.34-0.38) 1.13
AUCq_s4 (ng.h/mL) 9.07 (1.81-16.5) 15.3(14.5-16.1) 1.67
Tonax ()¢ 8.0(3.0-13.0)  19.8(14.3-34.02) 247
Crnax (ng/mL) 0.31(0.18-0.49) 0.30(0.28-0.32)  0.97
AUCo_ss (ngh/ml)  820(1.31-15.2) 133 (12.4-14.1) 1.62
T (h)® 21.0 300(26.7-458) 143
Crnax (ng/mL) 0.62 0.83(0.77-0.89) 134
AUCq3.105 (ngh/mL) 315 527 (48.3-57.1)  1.67

Abbreviations: AUC, area under the plasma concentration-time curve; C,.y, peak plasma concentration; CLp, total plasma clearance; CLg, renal clearance; t1,»

apparent half-life of elimination.

2The topical formulations (cream and ointment) contain 0.05% w/w CP. Therefore, the dose refers to the amount of drug product and not the amount of CP.
PObserved pharmacokinetic parameters following IV dosing were reported as mean (standard error).

“Only the mean observed data were available.
4T max reported as median and range.

€Observed pharmacokinetic parameters based on a compartmental analysis of the data.
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FIGURE 3 Observed and predicted CP concentration in stratum corneum and plasma following topical application of either the cream (Au
et al., 2010, Study B (part 1), Study B (part 2), Study C, Study D (part 1)) or the ointment formulation (Study D (part 2) and Harding et al.,
1985%0). Black line, the mean of the simulated clobetasol concentrations; grey shaded area, the 5t and 95" percentiles of simulated clobetasol
concentrations; points, mean observed concentrations; error bars, 95% ClI.

FIGURE 4 Observed vs. predicted CP No Occlusion PE Occlusion
concentration-time profile following topical 1.004
application of CP ointment formulation to

healthy adults with and without the use of
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TABLE 8 Observed and predicted secondary pharmacokinetic parameters following topical administration of CP cream (0.05% w/w) to

healthy male subjects with and without the effect of occlusion.

Observed Predicted Ratio
Study Occlusion n Parameter Mean (95% Cl) Mean (95% Cl) (Pred/Obs)
Study D (part 1) No occlusion 6 Cinax (ng/mL) 0.32 0.37 1.16
(0.16-0.48) (0.35-0.39)
AUCo_s4 (ng.n/mL) 9.07 15.3 1.67
(3.09-15.05) (14.5-16.1)
Polythene occlusion (suit) 6 Cinax (ng/mL) 0.42 0.42 1.0
(0.14-0.92) (0.39-0.45)
AUCo_s4 (ng.h/mL) 125 18.5 1.48
(4.90-20.1) (17.3-19.8)
Hehir et al. 1983 Velsen et al. 2012
* )
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FIGURE 5 Observed vs. predicted CP concentration-time profile following a single application of CP ointment (0.05% w/w) formulation in

adults with atopic dermatitis (AD). Points: observed CP concentrations in subjects with AD; solid line, median simulated CP concentrations or
AUCq_,4 (Hehir et al. 1983”); shaded area, 5" and 95" percentiles of simulated exposures.

3.4 | Clinical trial simulations of local and systemic
CP exposure considering formulation, skin condition
and surface area

The final PBPK model was used to simulate local and systemic CP

exposure following topical application of either the cream or ointment

formulation, over a range of skin conditions (lesional, non-lesional and
normal) and over a range of surface areas (5%, 20%, 40% and 60%;
Figure 6). The CP concentration-time profiles for the cream and oint-
ment formulation were comparable (Table 9).

In comparing the different skin conditions, the accumulation of

CP in SC increases as the skin condition improves from lesional to
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FIGURE 6
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Simulated local and systemic CP concentration-time profile of CP following cream or ointment (0.05% w/w) application, stratified

by %BSA affected by AD and skin condition. Solid line, median simulated CP concentrations; shaded area, 5™ and 95 percentiles of simulated

concentrations.

non-lesional to normal skin. Additionally, the systemic concentrations
decreased as the skin condition improves. On average, CP plasma con-
centrations were 3.7-fold higher when applied to lesional skin com-
pared to normal skin.

Based on a dose of 1.2 mg/cm?, the weekly dose of CP was found
to range from 7.7 g to 91 g weekly for an application area of 5% to
60%, respectively. Therefore, if CP were applied to an adult over 40%
of the BSA, then this would exceed the maximum recommended
weekly dose of CP (i.e., 50 g weekly).

4 | DISCUSSION

Clobetasol propionate exerts anti-inflammatory, immunosuppressive
and antimitotic effects influencing the growth, differentiation and
function of various cells and inhibiting cytokine production,*° all of
which are relevant for symptomatic relief of conditions such as
AD. Yet, little is known about the pharmacokinetic properties of CP
at the dermal level, where its primary pharmacological activity

occurs. In this study, we have used a PBPK modelling and simula-
tion approach to characterize the pharmacokinetics of CP, consider-
ing the extent of skin involvement as well as the site and duration
of treatment. Despite the limited availability of clinical data in
healthy subjects and AD patients, our PBPK model provides valu-
able insights into the complex processes that determine the efficacy
and safety profile of CP. Most importantly, it can be used to predict
local and systemic exposures to CP under various clinical scenarios
associated with the use of topical dosage forms, which would be
challenging or impractical to assess through traditional clinical
studies.

From a technical perspective, we have shown through standard
statistical procedures that the model accurately predicts both local
and systemic exposure following IV and topical application of the
cream and ointment formulations. Both local (SC) and systemic
(plasma) concentrations were used to verify the PBPK model, provid-
ing confidence in the predictions of CP at both sites. Recently, a PBPK
model was developed using CP concentrations in the dermis.?* This

PBPK model of CP was developed using the Transdermal
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Compartmental Absorption and Transit (TCAT) model within
GastroPlus,?* where the SC and dermis were divided into 20 sub-
layers. Utilizing pharmacokinetic data in the dermis of psoriasis
patients,41 the CP concentrations in the dermis were found to match
the observed data at dermis sub-layers 15-17. As the single-layer der-
mis model was used in the present study, it was not possible to pre-
dict the concentration of CP at any given sub-layer of the dermis.

From a clinical pharmacology perspective, we have found that
the plasma half-life of CP in healthy subjects is four times longer fol-
lowing topical use (20.8 h) compared to an IV dose (5.2 h) . This indi-
cates the presence of flip-flop (zero-order) kinetics, where the slow
and continuous absorption of CP through the skin is much slower
than the rate of elimination. This finding has potential clinical implica-
tions, as the use of CP twice a day may not be necessary. Previous
studies have assumed that CP had a slow rate of elimination as corti-
sol levels remain suppressed 96 h after the dose.”*? The previous
PBPK model of CP, did not include pharmacokinetic data following
systemic administration, which would separate the effects of dermal
absorption from the distribution and elimination of the drug.2* By
contrast, with data following IV dosing and topical application, we
now know that the systemic clearance of CP is 27.6 L/h and that the
slow elimination of the drug is due to the continuous absorption of
CP through the skin.

The development of a skin barrier impairment model provided the
opportunity to predict CP exposure in the target population. The use
of different formulations (cream vs. ointment) and occlusion had a
minimal effect on the CP concentration-time profiles in plasma. As
expected, the bioavailability of CP varies with lesional, non-lesional
and normal skin. For lesional skin, as the skin barrier function is
impaired, more of the drug passes through the skin which increases
the systemic concentrations of CP. On the other hand, the CP con-
centrations in the skin are higher for normal skin compared to lesional
skin, as the skin acts as a more effective barrier. The SC in subjects
with normal skin can retain more of the drug, resulting in lower CP
concentrations in plasma. It is worth noting that the PBPK predictions
in the adult AD population were evaluated using three separate stud-
ies. The model underpredicted the systemic concentrations for the
two patients with 80% and 95% of BSA affected by AD.” In a separate
study,® overprediction of the systemic concentrations occurred for
one patient (Patient B). However, this discrepancy is likely due to
issues with compliance to the prescribed dose, as the concentrations
of CP were much lower compared to Patient A, despite receiving
higher doses of CP.

Interestingly, the application area was found to have a big impact
on the pharmacokinetics of CP. An increase in application area
increased both local and systemic CP concentrations for lesional, non-
lesional and normal skin. We have found the daily application of CP
over an area larger than 30% of the BSA will exceed the maximum
recommended dose of 50 g/week. Although a treatment duration of
2 weeks was simulated without varying the application surface area,
the lesional skin is expected to reduce as the patients respond to
treatment. This would lead to a reduced dose of CP cream or oint-

ment, thereby reducing systemic exposure.
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5 | LIMITATIONS

The formulation attributes of CP were not readily available, and this
lack of information required certain assumptions in the model devel-
opment process. In particular, the Kpgisp.cont Parameter was based on
the solubility of the drug in the different phases. The uncertainty in
the value of this parameter was also reported in a published PBPK
model of CP, which explored of a range of values of Kpgisp:cont (3.65-
32 based on Kgsp,w Of 357-3162).2* However, as the PBPK model uti-
lized a different absorption model in a different software platform
(Transdermal Compartmental Absorption & Transit (TCAT) Model,
GastroPlus), there are likely to be differences in the parameter values
due to differences in the parameterization of the PBPK models.

There are in vitro permeation test (IVPT) datasets available in the
literature for CP.2”*® However, the IVPT module in Simcyp, which
enables parameter optimization by fitting model parameters to IVPT
receptor profiles, was not available and is a limitation of the study.
Furthermore, the dermal parameters were only optimized using CP
concentration data in SC and in plasma.

The studies used to develop and verify the PBPK model had a lim-
ited sample size (<10 subjects), and large doses were used (>20 g
daily), which exceeds the recommended maximum dose of
CP. Additionally, the studies used to verify the model only specified
the total dose of CP cream or ointment and not the area of application
or the site of application. Therefore, assumptions were made on the
application area, which was estimated using the rule of nines.2® How-
ever, as the model was verified using different clinical studies in
healthy subjects and patients with AD, this provides confidence in the
pharmacokinetic predictions in these population groups.

While the duration of application of CP was known for some
studies (Study B (part 1 and 2) and Study D (part 2)),*>%’ this was
assumed to be 24 h for studies that did not report it. That is, it was
assumed that CP remained in contact with the skin for 24 h, although
the more likely clinical scenario is that the formulation is subject to
rubbing or being washed off throughout the day.

The development of the skin impairment was based on available
information; however, it is a simplification of the various other physio-
logical changes (e.g., altered skin blood flow) that occurs with AD. For
the two patients with severe AD (80% and 95% of the BSA),” the
underprediction may be due to not accounting for other physiological
changes with more severe disease. On the other hand, as a large pro-
portion of the BSA is affected by the disease, it is also possible that
CP was applied to sensitive body sites associated with higher dermal
absorption (e.g., face and neck), which was not considered in the

model.

6 | CONCLUSIONS

CP is a highly effective treatment for skin disorders, particularly for
skin disorders that do not respond to less potent TCS. Our work com-
plements current guidelines based on a maximum recommended dose

per week™? and FTU®® by providing an indication of local and
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systemic exposures to CP with increasing application area. Our study
suggests that CP should not be applied to an area of more than 30%
of the BSA per day as this would exceed the maximum recommended
dose (50 g/week) for 2-4 weeks. Whilst the current findings may ben-
efit from further confirmatory evidence of CP exposure in patients
with AD receiving therapeutic doses of CP, this study illustrates the
importance of modelling and simulation for the characterization of

the pharmacokinetics of topical drugs in dermatology.
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