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A B S T R A C T   

Increasing emphasis is being placed on using in vitro permeation test (IVPT) results for topical products as a 
surrogate for their in vivo behaviour. This study sought to relate in vivo plasma concentration – time pharma-
cokinetic (PK) profiles after topical application of drug products to IVPT findings with mechanistic diffusion and 
compartment models that are now widely used to describe permeation of solutes across the main skin transport 
barrier, the stratum corneum. Novel in vivo forms of the diffusion and compartment-in-series models were 
developed by combining their IVPT model forms with appropriate in vivo disposition functions. Available in vivo 
and IVPT data were then used with the models in data analyses, including the estimation of prediction intervals 
for in vivo plasma concentrations derived from IVPT data. The resulting predicted in vivo plasma concentration - 
time profiles for the full models corresponded closely with the observed results for both nitroglycerin and 
rivastigmine at all times. In contrast, reduced forms of these in vivo models led to discrepancies between model 
predictions and observed results at early times. A two-stage deconvolution procedure was also used to estimate 
the in vivo cumulative amount absorbed and shown to be linearly related to that from IVPT, with an acceptable 
prediction error. External predictability was also shown using a separate set of in vitro and in vivo data for 
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bioavailability; BE, bioequivalence; CL, plasma clearance; C(t), plasma concentration of solute; Cm, solute concentration in the membrane; Cmax,ss, maximum plasma 
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different nitroglycerin patches. This work suggests that mechanistic and physiologically based pharmacokinetic 
models can be used to predict in vivo behaviour from IVPT data for topical products.   

1. Introduction 

Products applied to the skin may be used to deliver drugs into and/or 
through the skin for local and/or systemic action for a variety of disease 
indications. These products can be categorized according to the inten-
ded site of action. When drug products are applied to the skin for local 
cutaneous action, they are designated as topical drug products and are 
most commonly available as semisolid dosage forms such as gels, creams 
or ointments. On the other hand, when drug products are applied to the 
skin for systemic action, they are classified as transdermal drug products 
and are most commonly available as transdermal delivery systems (TDS; 
also known as transdermal patches) [1]. Despite these differences in the 
intended site of action, the fundamental mechanisms of drug diffusion 
through the skin are essentially the same in all cases, irrespective of 
whether the intended site of action is local for a topical product or 
systemic for a transdermal product. For the purposes of developing 
pharmacokinetic models, it is therefore possible to begin with modelling 
the diffusion of drugs from transdermal products for which pharmaco-
kinetic (PK) data is available for comparison, and with which the drug 
delivery from TDS dosage forms may be relatively less complex to 
model. 

Analysing PK data of a drug can be one of the most accurate, sensitive 
and reproducible ways to evaluate bioavailability (BA) and bioequiva-
lence (BE) between two or more formulations. The cutaneous and/or 
systemic PK of topical and transdermal products can be evaluated 
experimentally using various approaches, including in vivo dermato-
pharmacokinetic analysis of stratum corneum (SC) concentration depth 
profiles [2–4], dermal microdialysis [5], dermal microperfusion [6], and 
drug concentrations quantified in blood/plasma/serum [7] or urine 
[8–12]. Among these approaches, plasma or serum drug levels are the 
most readily available data, while it is technically more challenging to 
monitor drug local concentration in SC or dermis. 

An alternative approach to investigating cutaneous or systemic PK 
for topically applied drugs is to predict in vivo PK based on in vitro 
permeation test (IVPT) results, using in vitro-in vivo relationship (IVIVR) 
models. These pharmacokinetic models are particularly useful in situa-
tions where reliable in vivo information about the local cutaneous PK of a 
topical drug is not easy to obtain, or when the systemic PK of a trans-
dermal drug cannot be studied easily or safely. For example, it may not 
be feasible to measure the local tissue concentrations of diclofenac or 
lidocaine experimentally after topical administration of a diclofenac or 
lidocaine topical delivery system indicated for the relief of pain. To 
predict systemic or cutaneous PK profiles for such products, it is prac-
tical to begin with a model that convolutes IVPT data (the input func-
tion) with an in vivo drug disposition profile. IVPT data can be generated 
experimentally and the in vivo data are available in the literature for 
some drugs, which can serve as model drugs to develop and validate the 
model by comparing predicted PK profiles with experimentally observed 
data. 

Pharmacokinetic modelling of dermal drug delivery from topical and 
transdermal products requires an understanding of both the physiology 
of the skin, the physicochemical properties of the drug, and the attri-
butes of the products. Variations in drug transport may be observed 
among different topical and/or transdermal drug products due to the 
interaction of inactive ingredients with the skin and/or with the drug 
molecule. However, once the drug molecule is released from the dosage 
form, the underlying transport mechanism across the skin is essentially 
the same, regardless of whether the drug molecule is indicated for local 
(topical) or systemic (transdermal) action, and regardless of the dosage 
form. 

An important practical consideration for the development of 

pharmacokinetic models for semisolid dosage forms like gels and creams 
is that they can undergo metamorphosis during dose dispensing and 
application, due to evaporation/drying of the aqueous or alcoholic 
phases in the dosage form. Also, these products are typically applied to 
the skin as a thin film (a finite dose) in which the amount of soluble drug 
dynamically changes (decreases) due to depletion as the drug partitions 
into the skin, and due to changes in solubility as the volatile components 
of the dosage form evaporate. Consequently, modelling the release of the 
drug from a finite dose of such dosage forms requires an understanding 
of the exceptionally complex and potentially variable metamorphosis 
that can occur, and the resulting non-steady state drug delivery. In 
contrast, TDS products are less complex to model because they contain a 
“pseudo-infinite” drug load to help maintain a relatively constant drug 
delivery rate over the entire period of application, and the dosage form 
is relatively stable and consistent because metamorphosis is minimal. 
Therefore, a time-dependent release rate can be calculated more reliably 
for these products. Given the relative lack of model complexity with TDS 
compared to semisolid dosage forms, and since in vivo plasma or serum 
PK data for TDS products are available and can be used to evaluate the 
predictions of different pharmacokinetic models, two drugs delivered by 
TDS, nitroglycerin and rivastigmine, were selected for model evaluation 
in this work. 

The authors [13–16] and others [17–24] have developed various 
diffusion based pharmacokinetic models to describe skin permeation, 
primarily with data obtained from IVPT studies. However, some of these 
models may be too computationally complex to be practically useful in 
describing the processes involved. Simple compartmental models have 
been used as alternatives to diffusion models in percutaneous absorption 
[25,26]. Many researchers represent the skin as a single well-stirred 
compartment to simplify the mathematics and this type of compart-
ment model gives acceptable results for solutes that have a short diffu-
sion time. We have recently developed a more general, n-compartment- 
in-series model as an approximation of the diffusion model [27]. The use 
of compartment-in-series models as alternative representations of skin 
transport is illustrated in Fig. 1. 

The authors have previously derived diffusion equations for the cu-
mulative amount of solute permeating through SC from a constant donor 
(product) concentration into a sink receptor [13]. Here, we extend that 
work to consider both the SC and the full epidermis, i.e. SC with viable 
epidermis as the skin barrier. These diffusion equations were solved by 
using analytical Laplace solutions. An infinite dose provided by a TDS 
system that provides a constant donor (product) concentration was 
chosen in this work as this, combined with sink receptor conditions, can 
be used in IVPT studies to achieve a linear steady-state skin flux. These 
relatively less complex conditions are reasonably representative of the 
pseudo-infinite, relatively constant dose that can be delivered with 
transdermal products, and of the practically infinite sink produced in 
vivo by the highly efficient clearance of drug from the skin to the sys-
temic circulation. The use of an infinite dose was advantageous, as it 
allowed us to develop and verify the skin transport parameters of a 
dermal model, without the additional complexity of a finite dose of a 
semisolid dosage form undergoing variable metamorphoses. The 
expectation was that additional complexity could be added to the model 
once the fundamental skin transport parameters were well described. In 
this paper, we explore the use of reduced forms of the full diffusion 
model, compartment-in-series models as an approximation of the full 
diffusion model and reduced forms of the compartment-in-series model, 
as alternatives to the full diffusion models as these simplify the mathe-
matics (Fig. 2). To compare the predicted in vivo absorption of solutes 
applied to the skin with the observed plasma concentrations after topical 
application, we tested appropriate pharmacokinetic models of in vivo 
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diffusion and the alternative approximation and compartment models. 
We then used simulations, IVPT experiments, nonlinear regression and 
numerical deconvolution of in vivo data to verify the suitability of our 
models for describing in vivo plasma concentrations. In vitro - in vivo 
relationships (IVIVR) for TDS were explored using one stage convolution 
and two stage deconvolution approaches. 

2. Methods 

2.1. Models used to predict in vivo plasma pharmacokinetics after topical 
application 

Fig. 2 shows a schematic representation of four models describing 
drug transport through skin that were considered in this work. We 
describe the solutions for both in vitro and in vivo applications using the 
following four approaches: 1) the “full” unsteady diffusion model 
(Model A); 2) a “reduced” steady-state skin flux diffusion model (Model 
B); 3) the “full” compartment-in-series model considering forward and 
backward transport processes (Model C); 4) a “simplified” compartment- 
in-series model considering forward only transport processes (Model D) 
and a reduced compartment-in-series, which we found was identical to 
Model B. In general, the models were derived in the Laplace domain as a 
convolution of skin permeation function (diffusion or compartment-in- 
series model) with body disposition functions. 

2.1.1. “Full” unsteady diffusion models (Model A) 
Two unsteady diffusion models are used to describe the transport of 

solutes through human skin studied in an IVPT system. The first model 
(Model A(i)), in which the SC is assumed to be a single-layer barrier for 
solute permeation through the skin, is referred to as the unsteady SC 
IVPT diffusion model. In this model, diffusion through the SC is defined 
by the diffusion equation shown in Fig. 2, with an initial condition 
Csc(x,0) = 0 and boundary conditions Csc(0, t) = KscCv and Csc(hsc, t) = 0, 
where Csc(x,t) is solute concentration at distance x and time t in the SC of 
thickness hsc, Ksc is partition coefficient between SC and donor (product) 
and Cv is donor solute concentration. Together, with the Laplace 

variable s, these yield the Laplace domain solution Q̂sc(s), for the cu-
mulative amount permeating through SC (Qsc(t)) versus time (t): [13]: 

Q̂sc(s) =
Jss,scA

s2

̅̅̅̅̅̅̅̅̅std,sc
√

sinh ̅̅̅̅̅̅̅̅̅std,sc
√ (1)  

where A is the surface area of application, td,sc is the SC diffusion time 
and Jss,sc is the SC steady-state flux. 

The corresponding expression for the SC permeation flux (Jsc(t)) in 
the Laplace domain, Ĵsc(s), is given by: 

Ĵ sc(s) =
Jss,sc

s

̅̅̅̅̅̅̅̅̅std,sc
√

sinh ̅̅̅̅̅̅̅̅̅std,sc
√ (2) 

In the second model (Model A(ii)), which is referred to as the un-
steady epidermal IVPT diffusion model, the SC and the viable epidermis 
(VE) are assumed to form a two-layer barrier for solute permeation 
through the skin [13,28]. In this Model (A(ii)), diffusion through the SC 
and VE are defined by the diffusion equations shown in Fig. 2, with 
initial conditions of Csc(x,0) = Cve(x,0) = 0 and boundary conditions 
Csc(0, t) = KscCv, Cve(hve, t) = 0, Cve(0, t) = Kve− scCsc(hsc, t) and a continuity 
of flux across the SC-VE interface, where Cve(x,t) is solute concentration 
at distance x and time t in viable epidermis of thickness hve and Kve-sc is 
partition coefficient between VE and SC. The Laplace domain solution 
for the cumulative amount permeating through epidermis (Qepi(t)) is: 

Q̂epi(s)=
Jss,scA

̅̅̅̅̅̅̅̅̅std,sc
√

s2

(

B
̅̅̅̅̅̅̅
std,sc

√

̅̅̅̅̅̅̅̅̅̅̅
std,sc/G

√ cosh ̅̅̅̅̅̅̅̅̅std,sc
√ sinh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

std,sc
/

G
√

+sinh ̅̅̅̅̅̅̅̅̅std,sc
√ cosh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

std,sc
/

G
√

)

(3)  

where B is the relative permeability of the SC to the VE and G is the ratio 
of the SC to VE diffusion times (or equivalently lag times). B and G are 
defined in Eq. 4 and 5 respectively [28]: 

B =
kp,sc

kp,ve
(4) 

Fig. 1. Illustration of the diffusion of solute through human skin and alternative representations of solute transport through a SC barrier.  
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G =
lagsc

lagve
(5)  

where kp,sc and kp,ve are permeability coefficient of SC and VE, respec-
tively. For solutes with much greater permeability in VE compared to SC 
(B and 1/G are very small), Eq. 3 will be reduced to Eq. 1. The corre-
sponding expression of Jepi(t) in the Laplace domain, Ĵepi(s), is given by: 

Ĵ epi(s)=
Jss,sc

̅̅̅̅̅̅̅̅̅std,sc
√

s

(

B
̅̅̅̅̅̅̅
std,sc

√

̅̅̅̅̅̅̅̅̅̅̅
std,sc/G

√ cosh ̅̅̅̅̅̅̅̅̅std,sc
√ sinh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

std,sc
/

G
√

+ sinh ̅̅̅̅̅̅̅̅̅std,sc
√ cosh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

std,sc
/

G
√

)

(6) 

Assuming a one (plasma) compartment disposition for a solute, the 
expression for change in its plasma concentration with time (dC(t)/dt) 
with a flux (J(t)) of a solute across an area into the body for both SC and 
epidermal limited transport is given by: 

VddC(t)
dt

= − kelVdC + J(t)A = − CLC + J(t)A (7)  

where C(t) is the plasma concentration, Vd is the volume of distribution 
for the plasma compartment, kel represents the elimination rate constant 
in the body and CL (=kel Vd) is the plasma clearance. Eq. 7 can be solved 
by Laplace transforms, which yields Eq. 8 for Ĉ(s) with the initial con-
dition that C(t) = 0 at t = 0: 

Ĉ(s) = AĴ(s)
1

(s + kel)

1
Vd

(8) 

In the specific case of a one-layer SC diffusion limited flux (defined 
by Eq. 2, Model A(i)), the Laplace expression for plasma concentration 
Ĉsc(s) is given by Eq. 9: 

Ĉsc(s) =
AJss,sc

s

̅̅̅̅̅̅̅̅̅std,sc
√

sinh ̅̅̅̅̅̅̅̅̅std,sc
√

1
(s + kel)

1
Vd

(9) 

For a two-layer epidermal diffusion limited flux (defined by Eq. 6, 
Model A(ii)), the Laplace expression for plasma concentration Ĉepi(s) is 
given by Eq. 10:    

The plasma concentration for more complex disposition models after 
topical and transdermal delivery can also be analysed using a similar 
approach. The Laplace expression for the plasma concentration with two 
compartment disposition models with an elimination rate constant from 
the plasma compartment of k10 and inter-compartment rate constants 
k12 and k21 is: 

Ĉ(s) = AĴ(s)
s + k21

[(s + k10 + k12)(s + k21) − k12k21 ]

1
Vd

(11) 

The corresponding expression for a three-compartment disposition 
model with elimination rate constant k10 and inter-compartment rate 
constants k12, k21, k13 and k31 is:  

Ĉ(s)=AĴ(s)
(s+k21)(s+k31)

[(s+k10+k12)(s+k21)(s+k31)− k12k21(s+k31)− k13k31(s+k21)]

1
Vd

(12)  

2.1.2. Reduced steady-state skin flux diffusion models (model B) 
When steady-state flux is reached, the reduced or asymptotic form of 

the diffusion equation for long times (defined by the singularity at s = 0) 
is described by linear relationships between Qsc(t) and Qepi(t). These 
reduced expressions are linear relationships described by Qsc, linear(t) and 
Qepi, linear(t) and as expressed in Eq. 13 and 14, respectively. 

Qsc,linear(t) =
{

0 (0 < t ≤ lagsc)

Jss,scA(t − lagsc) (t > lagsc)
(13)  

Qepi,linear(t) =
{

0
(
0 < t ≤ lagepi

)

Jss,epiA
(
t − lagepi

) (
t > lagepi

) (14)  

where the epidermal steady-state flux Jss,epi and epidermal lag time 
(lagepi) are defined by the relative permeability of the SC to the VE, B (Eq. 
4) as: 

Jss,epi =
Jss,sc

1 + B
(15)  

lagepi =
lagsc(1 + 3B)

1 + B
(16) 

Eq. 16 is only applicable when the diffusion time in VE is much 
shorter compared to td,sc (i.e., G is infinite). 

Steady-state SC and epidermal flux in vivo diffusion models can be 
derived by convolution of a constant input rate of JssA (Laplace solution 
JssA/s, Jss,sc for IVPT and Jss,epi for epidermal in vivo diffusion model) with 
the one compartment disposition function. The expression of plasma 
concentration in Laplace domain is shown as below: 

Ĉ(s) =
JssA

s(s + kel)Vd
(17) 

The Laplace inversion of this expression and the inclusion of a lag 
time prior to steady-state diffusion yields: 

C(t) =

⎧
⎪⎨

⎪⎩

0
(
0 < t ≤ lagepi

)

JssA
kelVd

(
1 − e− kel(t− lagepi)

)(

t > lagepi

) (18)  

where lagepi ~ lagsc when SC is rate limiting. Noting kelVd equals plasma 
clearance CL, Eq. 18 can also be expressed in the more common phar-
macokinetic notation for plasma concentrations C(t) for a constant input 
rate Ro (=JssA): 

C(t) =
Ro

CL
(
1 − e− kel(t− lag) )

(

t > lagepi

)

(19)  

2.1.3. Full (model C) and simplified (model D) skin compartment-in-series 
models 

We have previously developed skin compartment-in-series solutions 
that were in good agreement with solutions for the diffusion model of 
skin transport [27]. The rate constants for exchange between skin 
compartment-in-series were derived from physiologically relevant 
diffusional transport parameters. In this study, we assumed a constant 
solute concentration in the applied product (the donor) and used three 
skin compartment-in-series representing the SC (Fig. 2), as that provides 
an adequate approximation of the diffusion model [27]. Transport be-
tween the donor (product) and the skin can be expressed as a constant 

Ĉepi(s) =
AJss,sc

̅̅̅̅̅̅̅̅̅std,sc
√

s

(

B
̅̅̅̅̅̅̅
std,sc

√

̅̅̅̅̅̅̅̅̅̅
std,s/G

√ cosh ̅̅̅̅̅̅̅̅̅std,sc
√ sinh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

std,sc
/

G
√

+ sinh ̅̅̅̅̅̅̅̅̅std,sc
√ cosh

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

std,sc
/

G
√

)
1

(s + kel)

1
Vd

(10)   
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input rate (R0) when there is negligible back flux from SC1. The trans-
port between each skin compartment is defined by a rate constant k. We 
consider below the forward and backward bidirectional transport be-
tween skin compartments (Model C) as well as forward only unidirec-
tional transport (Model D) (Fig. 2) mass balance equations for Model C 
(Fig. 2) are: 

dSC1
dt = R0 − kSC1 + kSC2;

dSC2

dt
= kSC1 − 2kSC2 + kSC3;

and 

dSC3

dt
= kSC2 − 2kSC3 (20)  

where SC1, SC2, and SC3 represent solute amounts in each compartment 

at time t. The corresponding simplified mass balance equations for for-
ward transport only between compartments (Model D) are: 

dSC1
dt = R0 − kSC1;

dSC2

dt
= kSC1 − kSC2;

and
dSC3

dt
= kSC2 − kSC3

(21) 

In both models, the mass balance for the receptor compartment can 
be expressed as: 

dQsc(t)
dt

= kSC3 (22)  

where Qsc(t) is equal to the cumulative amount permeated through SC 
(Qsc(t)) in the diffusion model. The initial conditions used here are SC1 
= SC2 = SC3 = Qsc = 0. Under in vivo conditions, in the simplest case for a 
one (plasma) -compartment solute disposition, the mass balance in the 
plasma compartment (equal to receptor compartment in IVPT) can be 
expressed as: 

dXc

dt
= kSC3 − kelXc (23)  

where Xc is the amount of solute in the central (plasma) compartment, 
SC3 is the amount of solute in third skin compartment-in-series and kel is 
the elimination rate constant. Recognising that Xc = C(t).Vd, where Vd is 
volume of distribution of solute in the body, Eq. 23 can be re-expressed 
in terms of the plasma concentration of solute (C(t)) at any given time t: 

Vd
dC(t)

dt
= kSC3 − CLC(t) (24) 

The plasma concentration C(t) for the reduced form of the skin 
compartment-in-series model can be shown to be identical to the 
reduced steady-state skin flux diffusion models as described by Eq. 18 
and 19 when t > lagsc, as described in B(i) and t > lagepi, as described in B 
(ii). In this reduced model, there is constant rate of absorption from the 
third skin compartment into the plasma compartment after the lag time. 
This can be seen when dSC1

dt = dSC2
dt = dSC3

dt = 0 so that kSC3 = Ro on 
substituting Eq. 19 into Eq. 18. 

The corresponding mass balance equation for the amount in central 
(plasma) compartment Xc and in the peripheral compartment Xp for a 
two compartment disposition model with an elimination rate constant 
from the plasma compartment of k10. inter-compartment rate constants 
k12 and k21 is: 

dXc
dt = Vd

dC(t)
dt

= kSC3 − (k10 + k12)VdC(t) + k21Xp

(25) 

For a three-compartment disposition model with elimination rate 
constant k10 and inter-compartment rate constants k12, k21, k13 and k31, 
with amounts of solute in the peripheral compartment 1 and 2 given by 
Xp1 and Xp2, the mass balance equations for the central (plasma) Xc and 
other compartment are: 

dXc
dt = Vd

dC(t)
dt

= kSC3 − (k10Xc + k12 + k13)VdC(t) + k21Xp1 + k31Xp2
dXp1

dt
= k12VdC(t) − k21Xp1

dXp2

dt
= k13VdC(t) − k31Xp2

(26) 

In all in vivo cases, the initial conditions assumed here are SC1 = SC2 
= SC3 = C(t) = 0, with the amounts in the peripheral compartments 
(when applicable) also equal to zero. In principle, Models C and D could 
be easily extended to include a compartment-in-series representation of 
the VE and undertake a similar analysis as shown below for a combined 
SC-VE barrier. 

Fig. 2. Alternative models for analysing skin permeation after topical drug 
application. Each model can be used to predict either cumulative amount 
permeated into receptor (Q(t), in vitro situation) or plasma concentration (C(t), 
in vivo situation). SC- stratum corneum, VE- viable epidermis. 
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2.2. Data sources 

The cumulative amount permeated (Qsc(t)) versus time data from 
IVPT studies performed with Nitro-Dur II® (Key Pharmaceutics) and 
Exelon® (Novartis) TDS were extracted from Hadgraft et al. [29] and 
from a publicly accessible FDA database [30], respectively using Data-
Thief III software. For Nitro-Dur II®, dermatomed abdominal skin was 
used. The TDS was adhered to the SC and nitroglycerin flux through the 
skin were monitored over a 24 h period. For Exelon®, human skin was 
used and the data was extracted over a 24 h period. The corresponding 
plasma concentration-time profiles of nitroglycerin and rivastigmine 
after dermal application of these TDS were extracted from Noonan et al. 
[31] and FDA database [30], respectively using DataThief III. The Nitro- 
Dur II® TDS was applied to the upper anterior chest (N = 24), while the 
Exelon® TDS was applied to five separate sites (upper back, chest, 
abdomen, thigh and upper arm; N = 35–40). 

2.3. Simulation 

A series of Q(t) versus time profiles was simulated using Model A with 
a range of diffusion times (td,sc = 0.1, 1, 10, 30, 100, 300 and 1000 h, 
corresponding to lagsc = 0.017, 0.17, 1.67, 5, 16.7, 50, and 167 h) and 
fixed steady-state flux (Jss,sc = 10 μg/cm2/h), assuming a constant con-
centration in the donor compartment. In Model A(ii), the unsteady 
epidermal IVPT diffusion model, td,ve was assumed to be 0 and the 
parameter B, describing the SC to VE permeability coefficient ratio, was 
varied from 0.01 to 100 with a fixed lagsc of 0.17, 5 and 16.7 h. Plasma 
concentration (C(t)) versus time profiles were simulated for these con-
ditions for drugs with half-lives of 1.4 h (kel = 0.5 h− 1), 7 h (kel = 0.1 
h− 1) or 69.3 h (kel = 0.01 h− 1) and a volume of distribution (Vd) of 10 L. 
Simulations were performed by Laplace inversion of Eqs. 1, 3, 9 and 10 
using the program SCIENTIST® (Micro-Math Scientific Software, Mis-
souri, US). 

2.4. Data analysis 

The plasma concentration-time profiles of nitroglycerin and riva-
stigmine after dermal application of Nitro-Dur II® (Key Pharmaceutics) 
and Exelon® (Novartis) TDS respectively, were analysed with Model A 
(i) (Laplace inversion of Eq. 9) to obtain estimated in vivo permeation 
steady-state fluxes (Jss,sc) and lag times (lagsc). The area of application A 
was fixed to 20 and 10 cm2 for nitroglycerin and rivastigmine respec-
tively, based on the properties of the TDS; kel was fixed to 18.4 and 
0.462 h− 1 and Vd to 123 and 158 L, based on reported pharmacokinetic 
parameters after intravenous dosing of these drugs, respectively 
[32,33]. These datasets were also analysed by Model B, the reduced 
steady-state flux in vivo diffusion model based on Eqs. 18 and 19 and the 
compartment-in-series models (Model C and D). In vitro steady state 
fluxes (Jss,sc) and lag times (lagsc) were obtained by fitting IVPT profiles 
of Nitro-Dur II® and Exelon® using Model A(i) by Laplace inversion of 
Eq. 1. 

2.5. Development of transdermal IVIVR 

2.5.1. One stage convolution approach 
Plasma concentration-time profiles of solutes were predicted from 

the convolution of IVPT and intravenous disposition profiles for a given 
solute. The IVPT profile was defined by fitting solute IVPT data with the 
compartment model (Model D) to yield a constant (zero-order) rate of 
absorption Ro (normalised by the respective delivery area) and diffusion 
rate constant k. A one-exponential (i.e. one plasma compartment) 
disposition model was derived from fitting of solute plasma 
concentration-time profiles obtained after intravenous dosing. The 
predicted plasma level profiles of solutes were then expressed as mean 
± 90% prediction interval (upper 95% and lower 5% percentile) using 
the SIM function in ADAPT5 [34] and assuming each parameter had a 

10% variability. These predicted profiles were then compared to the 
corresponding observed plasma concentration-time profiles to assess 
internal predictability. 

2.5.2. Two stage deconvolution approach 
Deconvolution of the PK data was performed using the Wagner- 

Nelson method [35] since the disposition of these solutes after intra-
venous injection followed a mono-exponential decay. The time course of 
the cumulative amount absorbed in vivo was obtained from plasma 
concentration data for nitroglycerin and rivastigmine after dermal 
application of TDS. A point-to-point IVIVR for each TDS was developed 
by linear regression of the calculated in vivo cumulative amount absor-
bed versus the corresponding cumulative amount permeated obtained 
from IVPT studies. 

2.6. External validation 

For external validation, IVPT data for different nitroglycerin TDS, 
Deponit® (Schwarz Pharma), Transderm-Nitro® (Ciba Geigy) and 
Minitran®(3 M Riker) were obtained from Hadgraft [29]. The charac-
teristics of these TDS are summarized in Table 1 [29]. Dermatomed 
abdominal skin was used and nitroglycerin flux through the skin were 
monitored over a 24 h period. 

IVPT data were then converted to in vivo cumulative amount absor-
bed by multiplying the set of regression parameters corresponding to 
IVIVR developed previously. The prediction of in vivo nitroglycerin 
plasma concentrations from corresponding in vivo absorption profiles 
was accomplished by convolution of the in vivo flux and disposition 
profiles using Model D. The predicted parameters Css and AUC0-last were 
compared to those reported in the literature for in vivo studies performed 
with the same TDS [36] to determine prediction errors (%PE). The 
percentage prediction error (%PE) was calculated as follows: 

%PE =
Observed − Predicted

Predicted
× 100% (27)  

3. Results 

3.1. Impact of model parameter variation on skin permeation and in vivo 
plasma concentration - time profiles 

Fig. 3 shows simulated time profiles of in vitro SC permeation (Qsc(t)) 
(Fig. 3I) and the corresponding in vivo plasma concentration (Fig 3II-IV) 
using the full unsteady diffusion model (Model A(i)) under in vitro and in 
vivo situations, respectively. Solutes were assumed to have steady-state 
SC permeation fluxes (Jss,sc) of 10 μg/cm2/h and a range of SC lag times. 
Each of the Qsc(t) versus time plots shows an initial curvature followed by 
a linear phase. The most important impact of increasing lagsc in the in 
vitro studies was a correspondingly longer delay in the time taken for 
solute to appear in the receptor phase and for the attainment of steady- 
state permeation (the linear phase of the plot). In the in vivo situation, 
increasing lagsc results in an increased time to reach maximum plasma 
concentrations, whereas the magnitude of this maximum concentration 
is independent of lagsc (Fig. 3II-IV). Regardless of the lag time, when the 
elimination rate constant (kel) is increased, the maximum plasma con-
centrations are proportionally lower, but this maximum concentration is 
achieved more rapidly (Fig. 3, II vs III and IV). 

Table 1 
Characteristics of the investigated nitroglycerin TDS.  

Nitroglycerin 
Patch 

Area 
(cm2) 

Total Drug 
(mg) 

Claimed in vivo delivery rate 
(mg/24 h) 

Nitrodur 20 80 10 
Deponit 32 32 10 
Transderm Nitro 20 50 10 
Minitran 13.3 36 10  
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Fig. 4 shows simulations of Qepi(t) and Cepi(t) versus t profiles using 
the full unsteady diffusion model (Model A(ii)) for a range of SC to VE 
permeability coefficient ratios, B (Eq. 4). Here, it is noted that when the 
VE is infinitely permeable, the parameter B = 0 and the Qepi(t) and Cepi(t) 
profiles are identical to the Qsc(t) and Csc(t)) profiles shown for a one 
phase SC barrier in Fig. 2. When the VE is much more permeable than 
SC, as reflected by a small B (B = 0.01), the simulated Qepi(t) and Cepi(t) 
profiles are almost identical to those for B = 0. With the increase of B, 
the Qepi(t) were dramatically decreased, indicating greater hindrance to 
solute from the SC flux entering and passing through the VE. Fig. 4II and 
III show the corresponding in vivo C,epi(t) profiles for kel = 0.5 (Fig. 4II) 
and 0.1 h− 1 (Fig. 4III). Here, the effect of B on Cepi(t) is, in relative terms, 
similar for the different lag times and for the two kel values. The overall 
effect is a decrease in Cepi(t) with an increase in B and these changes are 
further enhanced by an increase in SC lag and/or an increase in kel. In the 
extreme case for very lipophilic solutes with B ≥ 100, the VE barrier may 
be so effective that almost no solute can permeate the epidermal 
membrane under in vitro conditions or appear in the plasma after in vivo 
topical application. 

3.2. Diffusion modelling of in vivo plasma concentrations after TDS 
application 

Fig. 5 shows a comparison of the non-linear regression of experi-
mental nitroglycerin and rivastigmine plasma levels versus time 
following TDS application at various body sites, using the full diffusion 
Model A(i), reduced diffusion model B(i), the full skin compartment-in- 

series model C and a simplified skin compartment-in-series model D. It is 
apparent that the full diffusion Model A(i) and the two skin 
compartment-in-series models adequately describe the data, but the 
approximate diffusion model, Model B(i) (and, not shown as it is iden-
tical to B(i), reduced compartment-in-series models), poorly describe the 
data at early times, up to 5 h. Data presented in Fig. 5 suggest that the 
simplest model that adequately describes the experimental data is the 
approximate and simplified compartment-in-series model, Model D, in 
which transport is assumed to be unidirectional. 

Table 2 presents a comparison of the in vitro and in vivo skin steady- 
state permeation fluxes (Jss,sc) and lag times (lagsc) for both drugs. Here it 
can be seen that for both nitroglycerin and rivastigmine, the derived in 
vitro and in vivo values of Jss,sc are comparable, while a difference in lagsc 
is seen for nitroglycerin. The derived values of Jss,sc for rivastigmine are 
comparable at different body sites, whereas the diffusional lag time 
obtained for the thigh is greater than for the other body sites (7.47 h, 
compared to 3.87–5.00 h at other sites). This observation is supported by 
the different plasma concentration-time profile obtained for the thigh, 
which appears to reach steady state later than the profiles obtained after 
application to other body sites (Fig. 5). 

3.3. Transdermal IVIVR 

The convolution of the IVPT data (Fig. 6A, k = 10.1 h− 1 and R0 =

446.9 μg/h for nitroglycerin, k = 0.677 h− 1 and R0 = 379.8 μg/h for 
rivastigmine) and the intravenous plasma disposition profiles of each 
drug using the compartment-in-series in vivo solution yields the 

Fig. 3. Simulated cumulative amounts of solute permeated through stratum corneum (Qsc(t)) versus time profiles (I) and corresponding plasma concentration (Csc(t)) 
versus time profiles (II-IV) for continuously applied solutes using the full diffusion Model A(i). A steady-state SC permeation flux (Jss,sc) of 10 μg/cm2/h and SC 
diffusion lag times (lagsc) of 0.017, 0.17, 1.67, 5, 16.7, 50 and 167 h were used in all simulations. Elimination rate constants (kel) of 0.5 h− 1, 0.1 h− 1 and 0.01 h− 1 were 
applied in simulations shown in II, III and IV respectively, to represent fast (t1/2 = 1.4 h), moderate (t1/2 = 6.9 h) and slow (t1/2 = 69 h) elimination, with a volume of 
distribution (Vd) of 10 L. 
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predicted plasma concentration-time profiles with 90% prediction in-
tervals shown in Fig. 6B. It is evident that the experimental plasma 
concentration-time profiles after dermal application of nitroglycerin and 
rivastigmine TDS fall within the 90% prediction intervals obtained from 
convolution. Fig. 6C shows results of linear regression performed for the 
estimated in vivo absorption (obtained by deconvolution of experimental 
plasma concentration-time profiles using the Wagner-Nelson method) 
versus the in vitro cumulative amount permeated (obtained from the 
IVPT data shown in Fig. 6A. A linear relationship was found, with r2 >

0.99 and a slope close to unity for both solutes. 
The prediction errors (%PE) for the global parameters of steady state 

plasma concentration Css and area under the curve for the sampling 
period (AUC0-last) are summarized in Table 3. The absolute %PE was less 
than 15% for all the parameters of dermal nitroglycerin and riva-
stigmine delivery except for the case where rivastigmine was applied to 

the thigh. 

3.4. External validation 

As external validation data sets, we chose IVPT study profiles re-
ported in the literature for three different nitroglycerin TDS tested in the 
same laboratory, using dermatomed abdominal skin [29]. The in vivo 
plasma concentration-time profiles for the same product were extracted 
from literature as well [36]. The external validation results are pre-
sented in Fig. 7 and summarized in Table 4. The PE% of Minitran® was 
− 58.3% for Css and − 54.9% for AUC0-last, well outside the acceptable 
range of 20% according to FDA guidance [37], and thus failing to pass 
external validation. Deponit® and Transderm-Nitro® were close to 
passing external validation, as their %PE values for both Css and AUC0- 

last, were just outside the acceptable 20% range (− 22.1%, − 26.7% and 

Fig. 4. Simulated cumulative amounts permeated through epidermis (Qepi(t)) versus time profiles for continuously applied solutes (I) and corresponding plasma 
concentration (Cepi(t)) versus time profiles for continuously applied solutes using the unsteady epidermal in vivo diffusion model (II and III)) using Model A(ii). The 
simulations were based on a steady-state SC permeation flux (Jss,sc) of 10 μg/cm2/h and SC diffusion lag times (lagsc) of 0.17, 5 and 16.7 h, assuming a value of 0 for td, 

ve. The in vivo simulations were performed with elimination rate constants (kel) of 0.5 h− 1 (II) and 0.1 h− 1 (III) and a volume of distribution (Vd) of 10 L. Each panel 
shows the effect of the parameter B, the ratio of the SC to VE permeability coefficients, on Qepi(t) and Cepi(t). 
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− 21.5%, − 23.2% for Deponit® and Transderm-Nitro® respectively). 

4. Discussion 

A key goal underpinning the present work was to develop pharma-
cokinetic models and related methodology for precise and accurate 
prediction of in vivo plasma concentration – time profiles from IVPT 
studies, in order to evaluate the pharmacokinetics of products applied to 
the skin. Currently, the in vivo absorption of most dermally applied 
products and solutions is simply reported as the percentage of the der-
mally applied dose excreted into the urine, or a first or zero order ab-
sorption process is often assumed [38–40]. While there are a number of 

pharmacokinetic models that have been used to describe percutaneous 
permeation, these have generally been limited to the analysis of IVPT 
data and most are based on a diffusion limited process in the SC, and to a 
lesser extent, the epidermis, dermis and deeper tissues. As the resulting 
equations describing the percutaneous absorption process are generally 
complex, studies have been undertaken using a large (“infinite”) dose, in 
which there is a minimal change in the thermodynamic activity of the 
solute in the applied vehicle, and analysed in terms of the cumulative 
amount permeated during the steady state phase. The choice of these 
conditions allows the experimental data to be analysed using the steady- 
state flux diffusion model (Model B(i) described by Eq. 13). In this work, 
we developed pharmacokinetic models to describe in vivo plasma 

Fig. 5. Non-linear regression fitting of plasma concentration vs time profiles after topical application of nitroglycerin and rivastigmine from transdermal patches. 
Rivastigmine was applied at the five body sites indicated. Open symbols represent experimental data obtained from literature [31] and a publicly accessible FDA 
database [30]. Fittings obtained from pharmacokinetic models described in Fig. 2 are shown as black solid lines (Model A(i), using Laplace inversion of Eq. 10); red 
dashed lines (Model B(i), Eq. 19); blue dotted lines (Model C); black dash-dotted lines (Model D). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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concentration – time profiles after application of TDS products to in vivo 
human skin. The models were derived in the Laplace domain as a 
convolution of an in vitro diffusion function based on IVPT results (and 
steady-state flux diffusion model and compartment-in-series model) 
with various disposition functions. We then examined the sensitivity of 
the predictions to changes in the percutaneous absorption and disposi-
tion parameters. Our analysis showed that the profiles of plasma con-
centration at the early times (Fig. 2B) were highly dependent on the 
diffusion time, with the most pronounced differences arising for the 
longer diffusion times. We considered a wide range of diffusion times, 
from 0.1 to 1000 h, to cover the short lag times reported for phenolic 
compounds and the long lag times seen with steroids, typified by hy-
drocortisone with a diffusion time of about 1000 h [41]. A key advan-
tage of our model is its explicit representation of plasma concentrations 
in terms of steady state skin absorption fluxes, lag times and plasma 
clearance. This allows our model to be extended to predict solute 

Table 2 
Summary of skin steady-state permeation flux (Jss,sc) and diffusion lag time 
(lagsc) (mean (SD)) of nitroglycerin and rivastigmine TDS obtained by fitting 
IVPT data and plasma concentration time profiles using the full unsteady 
diffusion model (Model A(i)).  

Drug Jss,sc (μg/cm2/h) lagsc (h) 

In vitro In vivo In vitro In vivo 

Nitroglycerin 22.3 (1.1) 25.8 (1.6) 0.30 (0.07) 1.15 (0.25) 
Rivastigmine 
Upper back 38.3 (1.2) 42.8 (1.2) 4.56 (0.43) 3.87 (0.30) 
Chest 43.2 (0.8) 3.98 (0.20) 
Abdomen 35.8 (1.0) 4.27 (0.37) 
Thigh 35.1 (1.1) 7.47 (0.40) 
Upper arm 42.2 (1.0) 5.00 (0.27)  

Fig. 6. In vitro - in vivo relationships (IVIVRs) of nitroglycerin and rivastigmine permeation through human skin after application of transdermal patches. (I) IVPT 
results, showing cumulative amounts permeated (Q(t)) versus time profiles. Symbols and error bars represent experimental data (mean ± SD) and the various lines 
represent fitting curves using Model A(i) (Laplace inversion of Eq. 1), Model B(i) (Eq. 13) and the two compartment-in-series models (Model C and D); (II) 
Convolution of the IVPT profiles with the intravenous disposition profiles using Model D to yield 90% predicted plasma concentration intervals. Observed values are 
shown by symbols and error bars (mean ± SD) for nitroglycerin and rivastigmine. The predicted plasma concentration-time profiles are shown as solid lines and the 
shaded areas represent 90% prediction intervals; (III) Comparison of the cumulative amounts permeated in IVPT studies with the estimated amounts absorbed in vivo 
using a Wagner-Nelson deconvolution of the plasma concentration – time profile for the two solutes. 

Table 3 
Summary of observed and predicted pharmacokinetic parameters of nitroglycerin and rivastigmine after TDS application.  

Drug Css
* AUC0-last

** 

Observed Predicted %PE Observed Predicted %PE 

Nitroglycerin 228 198 13.2 5183 4672 9.9 
Rivastigmine 
Upper back 5.86 5.2 11.3 105.0 90.6 13.7 
Chest 5.91 12.0 105.0 13.7 
Abdomen 4.89 − 6.34 86.5 − 4.7 
Thigh 4.72 − 10.2 70.1 − 29.2 
Upper arm 5.77 9.88 96.7 6.3  

* pg/mL for nitroglycerin and ng/mL for rivastigmine. 
** pg/mL.h for nitroglycerin and ng/mL.h for rivastigmine. 
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Fig. 7. External validation of IVIVR for nitroglycerin. (I) reported in vitro permeation test (IVPT) results for cumulative amount permeated (Q(t)) versus time profiles. 
Symbols and error bars represent experimental data (mean ± SD); lines represent fitting curves using Model D; (II) Convolution of the in vivo absorption profile 
(obtained from IVPT data prediction based on IVIVR) with the intravenous disposition profiles using Model D to yield 90% predicted plasma concentration intervals 
for nitroglycerin. Observed values are shown by symbols and error bars (mean ± SD). The predicted plasma concentration-time profile is shown as a solid line and the 
shaded areas represent 90% prediction intervals. 

Table 4 
External validation results: observed and predicted pharmacokinetic paramters for Deponit®, Transderm-Nitro® and Minitran® TDS.  

TDS Css (pg/mL) AUC0-last (pg/mL.h) 

observed predicted %PE observed predicted %PE 

Deponit® 152 195 − 22.1 3373 4602 − 26.7 
Transderm-Nitro® 168 214 − 21.5 3882 5058 − 23.2 
Minitran® 105 252 − 58.3 2608 5782 − 54.9  
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permeation through impaired skin if we can estimate the most likely 
steady flux and lag time for a TDS or topical product applied to this skin, 
as well as to populations in which there is a change in clearance and this 
is known. 

We recognised that our approach of using numerical integration and 
Laplace transform solutions to describe the in vivo plasma concentration 
profiles and a SC diffusion models required special software (e.g. Sci-
entist®) to do the model fitting of data. The numerical integration of 
Laplace solutions is not easily implemented on population pharmaco-
kinetic software such as NONMEM and ADAPT5. We therefore deduced 
the reduced steady-state flux diffusion model and approximate 
compartment-in-series skin models that are either in the form of an 
analytical expression or a series of ordinary differential equations, 
which can be easily used with NONMEM or ADAPT5 (using the 
maximum likelihood expectation maximization, MLEM, program). The 
reduced steady-state flux diffusion solution (Model B) is based on the 
limits of the Laplace equations at long times (i.e., as t → ∞), whereas the 
skin compartment-in-series skin model (Model C and D) approximates 
the infinite number of forward and backward transport steps that occur 
in a diffusion process by a finite number of compartments, following the 
process we have described previously [27,42]. In this study, we tested 
1–5 compartment-in-series skin models to represent SC, considering 
forward and backward transport or forward transport only. The good-
ness of fit was evaluated by visual examination of the predicted curves 
and comparison of AIC value. The approximate three-compartment-in- 
series skin model was selected on the basis of the lowest AIC and was 
used in the later analyses. In general, the reduced steady-state flux 
diffusion model poorly described plasma concentrations at early times 
(Fig. 5). One and two compartment-in-series skin models (to represent 
SC) could not adequately describe the plasma concentration profiles of 
solutes with long diffusion times, while the four compartment-in-series 
skin model was not superior to the three-compartment-in-series skin 
model. 

We applied all derived models to predict in vivo plasma concentration 

– time profiles of two solutes, nitroglycerin and rivastigmine, that were 
reported previously [30,31]. We found that all models, other than the 
reduced steady-state flux diffusion model, gave similar predicted curves 
and AIC values. To develop IVIVR, we extracted IVPT data that corre-
sponded to the in vivo studies from literature [29,30]. These IVPT data 
were also well described by the unsteady diffusion model and 
compartment-in-series skin models, but not the reduced steady-state flux 
model, which poorly described data at early times (Fig. 6I). The in vitro 
and in vivo steady state permeation parameters derived for nitroglycerin 
and rivastigmine appeared to be comparable (Table 2). The suitability of 
the uni-directional compartment-in-series skin model is consistent with 
a constant thermodynamic activity in the dermally applied product in 
the particular dosage conditions considered here - leading to subsequent 
concentrations in the various layers of the SC and deeper tissues 
decreasing with depth, and to a relatively much lower back flux. 

The modelling of plasma concentration-time profiles in this work 
suggested that similar Jss,sc and lagsc values were obtained after riva-
stigmine TDS were applied on the skin at different anatomical sites 
(Table 2). In contrast, anatomical site differences in skin permeation 
have previously been reported for salicylic acid [43], hydrophilic com-
pounds [44], methyl salicylate [45], organic compounds [46], scopol-
amine [47] and contraceptive TDS [48,49], both in vitro [43,44] and in 
vivo [45–49]. Fig. 8 shows a comparison of the body site variations in 
skin absorption for a wide range of drugs [50] with SC morphology 
(expressed as the reciprocals of SC thickness and number of SC strata,) 
and SC function (TEWL, SC hydration). 

It is evident that for the transdermal sites shown in Fig. 8I, there is 
only a small variation in SC morphology, and this is paralleled by the 
skin absorption of the transdermal drugs listed, with the thigh tending to 
be lower than the other sites. Moreover, rivastigmine Jss,sc parallels the 
plasma area under the curve AUC for the transdermal products shown in 
Fig. 8I. Of note, for this data set, the number of SC strata appears to be a 
better predictor for skin absorption via the thigh than the SC thickness, 
TEWL or SC hydration (conductance) (Fig. 8I). In contrast, as shown in 

Fig. 8. Body site dependence of drug percutaneous absorption and skin physiological parameters for I. transdermal products plasma AUC0-∞ (and Jss for riva-
stigmine), normalised to values for the upper arm, II(i) estimated absorption of topical products, normalised to values for the upper arm and II(ii) estimated ab-
sorption of topical products, normalised to values for the forearm. Data used in Fig. 8 were obtained from the literature: Fig. 8I – Asenapine [51], Buprenorphine 
[52], Clonidine [53], Ethinyl estradiol [48,49], Fentanyl [54], Gestodene [49], Nicotine [55], Norelgestromin [48], Rivastigmine [30], Rotigotine [56], Testosterone 
[57]; Fig. 8II(i) – Aspirin [43], Benzoic acid [58], Caffeine [59], Ketoprofen [60], Methyl salicylate [45], Paraquat [44]; Fig. 8II(ii) – Hydrocortisone [61], Malathion 
[62], Parathion [62], Scopolamine [47]. The SC thickness values were derived from the work of Polak et al. [63], except for the palm*, which was reported by 
Bohling et al. [64]. Values for the number of SC layers, TEWL and conductance (SC hydration) came for a study by Ya-Xian et al. [65]. 
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Fig. 8II (i), topically applied benzoic acid has a higher absorption for the 
chest, abdomen and thigh than would be predicted from the data in 
Fig. 8I. Further, topical absorption data for benzoic acid and other drugs 
show considerable variability in absorption across other body sites 
(noting these are not usually used for transdermal delivery) as shown in 
Fig. 8 II(i) and (ii) and appear to be better correlated with 1/no of SC 
layers than any other physiological parameter. A complicating factor in 
this analysis is the different distributions in age, sex and racial pheno-
type between the various populations and their impact on percutaneous 
absorption. For instance, in the studies included in this analysis, the 
rivastigmine population included 19 Caucasian and 20 Japanese sub-
jects (57% female) with an age range of 51–80 yr (mean 52) [30] 
whereas the benzoic acid, aspirin and caffeine volunteers were all male 
Caucasians with a mean age of 28 ± 2 yr [43,58,59]. The measurement 
of SC layer numbers, TEWL and skin conductance was performed in a 
Japanese study where the population was 48% female, with an average 
age of 42 ± 26 yr [65] whereas the demographics for the SC thickness 
study was not disclosed [63]. The largest confounder in such compari-
sons as these is likely to be age, as it is well known that the SC undergoes 
considerable alterations with age, in which it becomes flatter and stiffer, 
and shows greater cellular strata cohesion and increased strata numbers. 
Individual corneocytes have a greater surface area, but are reduced in 
thickness. Other changes with ageing include a greater surface pH, 
increased intercellular lipid cohesion and reduced TEWL [66]. This data 
suggests that extrapolating the present skin absorption data beyond 
specific body sites commonly used in transdermal delivery based on 
other drug absorption data and SC physiology for a general population 
will have considerable uncertainty. However, as shown in Fig. 8I, the 
number of SC cell layers for a similar subject population may be an 
indicative predictor for absorption at other body sites. Fig. 8I also sug-
gests that the bioavailability of transdermal products seen across 
anatomical sites generally used for these products may not be suffi-
ciently variable to lead to detectable changes in therapeutic effects or to 
raise safety concerns, as seen, for example, in the systemic exposure of 
ethinyl estradiol and gestodene after TDS application [49]. Here, the 
bioavailabilities of ethinyl estradiol and gestodene were greater after 
TDS application to the outer, upper arm compared to the lower abdomen 
(Fig. 8I) and buttocks, but the differences were not regarded as clinically 
significant [49]. 

Transdermal rivastigmine and its metabolite NAP226–90 pharma-
cokinetics appeared to show no differences for variations in gender, 
race, age, multiple dosing and atopic dermatitis compared with healthy 
volunteers for the same patch size applied to the same site (30). How-
ever, various skin diseases have been shown to modulate skin perme-
ation, as reviewed by Bucks [67], who pointed out that most diseases, 
including atopic dermatitis, sodium lauryl sulfate-induced contact 
dermatitis, psoriasis and physically compromised skin lead to an 
increased skin penetration compared to normal skin. For instance, in 
contrast to the rivastigmine data (30), crisaborole has recently been 
shown to have ~2.5-fold higher AUCss and Cmax,ss values in atopic 
dermatitis or psoriasis patients at a given crisaborole ointment dose 
relative to healthy participants [68]. TEWL values for psoriatic and 
atopic dermatitis lesions of ~1.5 times and ~ 2.4 times relative to non- 
lesional skin, respectively, have recently been reported [69]. Zainal 
et al. [70] noted that TEWL for atopic dermatitis lesions on the chest 
were ~ 3 times non-lesional areas and ~ 1.4 times higher (on average) 
across all body sites studied. In summary, whilst an IVPT study may be 
predictive of in vivo performance, it is limited by the properties of the 
skin used in the IVPT study. However, for the most commonly used 
transdermal application body sites, there appears to be similar absorp-
tion (Fig. 8I) with the number of SC layers and TEWL providing an 
indicative measure of the likely absorption at other sites (Fig. 8II) and in 
diseased skin, respectively. An important consideration in this extension 
is the relative contributions of formulation release and skin permeability 
in defining the skin input function. 

There has been great interest in the development of in vitro - in vivo 

correlations (IVIVC) for extended release (ER) oral dosage forms [37], 
because dissolution data for such products might thereby be useful to 
evaluate the impact of various formulation and manufacturing changes, 
as a potential alternative to performing in vivo BE studies. We considered 
whether a similar approach might also be useful for products applied to 
the skin, allowing IVPT results to be utilized with a pharmacokinetic 
diffusion model to predict in vivo plasma concentration-time profiles. We 
therefore used a method that was analogous to that recommended by the 
FDA for extended release (ER) product IVIVC [37] and generated a 
point-to-point IVIVR using a one-stage convolution to predict plasma 
data from the skin IVPT profile in a single step. Linear relationships were 
found between the predicted and experimental skin permeation for both 
nitroglycerin and rivastigmine, with slopes of approximately 1 (Fig. 6), 
indicating that an acceptable IVIVR had been established for these drugs. 
This is consistent with the high correlation of in vivo and in vitro trans-
dermal drug absorption that has previously been demonstrated [47,71]. 
However, the external validation results using other brands of nitro-
glycerin TDS failed to meet FDA criteria, indicating that an IVIVR could 
be product-specific and therefore, caution should be exercised when 
attempting to generalize results to different products containing the 
same active ingredient. It is likely that the considerable differences in 
the matrix designs used across commercial nitroglycerin TDS [29], with 
consequently different drug release profiles, could explain the failed 
IVIVR seen for the nitroglycerin TDS used here for external validation. 
For example, the application area of the Minitran® TDS is smaller than 
that of the other TDS examined, while this product is also unique in 
containing glyceryl monolaurate and ethyl oleate as penetration en-
hancers [29]. Other examples of product specific IVIVC or IVIVR for TDS 
exist, such as that reported for estradiol [72]. 

We suspect that the good IVIVR observed for nitroglycerin reflects a 
counterbalancing of its potential local vasodilatory promotion of in vivo 
skin absorption by a lower skin first pass metabolism in the in vitro skin. 
Skin has been reported to have a first pass loss of about 25% of that 
absorbed [73] and its esterase activity is impaired in frozen or heated 
separated skin [74]. The reason for the higher plasma levels predicted 
from in vitro studies compared to the observed data is unknown. There 
are a number of possible causes, including the use of different skin sites 
for in vitro and in vivo studies; increased in vitro skin permeability caused 
by damage to the skin barrier during collection, storage and preparation 
for Franz cell studies; alteration of skin permeability induced by inter-
action with the IVPT receptor phase, and promotion of solute solubility 
in that phase [75]. 

There are several limitations of the current work. First, there is the 
lack of data to enable an evaluation of the predictability of the derived 
IVIVRs. A low internal prediction error was found for the global phar-
macokinetic parameters derived for nitroglycerin and rivastigmine. 
However, only the abdomen and upper arm data for rivastigmine would 
meet equivalent criteria to those specified by the US FDA for an ER 
product of an average percent prediction error (% PE) of 10% or less for 
Css and AUClast to establish the predictability of the IVIVC. This finding, 
relative to the other rivastigmine sites, would justify the typical use of 
abdominal skin for IVPT studies. In principle, extension to other sites 
and impaired skin may be made by using morphological and SC function 
measures as discussed earlier, and as shown in Fig. 8. However, the 
extent to which this can be done robustly has yet to be validated. 
Furthermore, the current work is limited to those TDS products which 
have a relatively constant drug delivery rate over the entire period of 
application and are relatively stable and consistent because meta-
morphosis is minimal. More complicated models would be required to 
interpret the dynamic (metamorphic) complexities present in other 
dosage forms or delivery systems and to take into account excipient 
induced SC penetration enhancement. In addition, the model has 
assumed that transport through the skin has mainly been via diffusion in 
the SC and VE. As such, it does not account for the contribution of the 
appendageal skin delivery route [76,77] nor of facilitated transport as 
has been suggested to occur in the permeation of transfersomes [78], 
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with nanoemulsions [79] and with nanoparticles [80]. The model also 
assumes that absorption from the site is not affected by any clearance 
limitations from the skin into the body or of recirculating blood back to 
the absorption site from the systemic circulation. This is not strictly the 
case, for instance, with rivastigmine which displays some non-linearity 
in pharmacokinetics as a result of capacity limited elimination [30]. 
Last, but not least, the convolution approach we have used assumes 
there are no non-linearities in SC and VE transport processes, such as 
saturable binding or metabolism nor in plasma elimination kinetics. In 
these situations, an analytical solution may not be possible and a nu-
merical approach offered by modifying and extending the compartment- 
in-series model would be rather more straightforward. The main limi-
tation of this approach is that it uses a numerical compartment-in-series 
model that does not readily provide asymptotic solutions and is in a 
simplistic form, needing to be modified to account the earlier described 
appendageal and advanced delivery system transport mechanisms as 
well as skin heterogeneity and variations in barrier properties. Such an 
approach would also allow the reported non-linearity in rivastigmine 
pharmacokinetics as a result of capacity limited elimination [30] and the 
dose dependent pharmacokinetics of intravenous nitroglycerin infusions 
[81] to be better accommodated than was possible here. However, the 
approach presented here does provide analytical solutions as well as a 
numerical compartment-in-series approach which can be used to vali-
date mechanistically more complex and accurate description of skin 
absorption as well as non-linearities in skin absorption and elimination. 

5. Conclusions 

In this work, we developed pharmacokinetic models in the Laplace 
domain to analyse in vivo plasma concentration-time profiles. Numerical 
inversion of the models described time-dependent skin permeation and 
gave an accurate estimation of steady-state skin permeation flux and 
diffusion time of compounds through the skin. The simple analytical 
solutions were resolved for later time points when skin permeation had 
reached steady state. We used the findings to establish IVIVRs for 
nitroglycerin and rivastigmine TDS based on their human skin IVPT 
results. 

The pharmacokinetic models evaluated here serve as a basis of 
reference for further development of more sophisticated pharmacoki-
netic models. The ideal model would be able to interpret the dynamic 
(metamorphic) complexities of semisolid dosage forms, including 
physiologically-based PK (PBPK) models that can account for the vari-
ation in the permeability of the skin among different anatomical sites in 
an individual, and among different individuals in the population. 
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