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ABSTRACT

This study was aimed to develop a family of compartmental models to 

describe in a strictly quantitative manner the transdermal iontophoretic transport 

of drugs in vivo. The new models are based on previously proposed 

compartmental models for the transport in vitro.

The novel in vivo model considers two separate models to describe the 

input into the systemic circulation: a) constant input and b) time-variant input. 

Analogous to the in vitro models, the in vivo models contain 4 parameters: 1) 

kinetic lag time (tL), 2) steady-state flux during iontophoresis (Jss), 3) skin 

release rate constant (KR), and 4) passive flux in the post-iontophoretic period 

(Jpas). The elimination from the systemic circulation is described by a) the one-

compartment and b) the two-compartment pharmacokinetic model. The models 

were applied to characterize the observed plasma concentration versus time data 

following single-dose iontophoretic delivery of Growth hormone-releasing 

factor 1 – 44 (GRF) and R-apomorphine. Moreover the models were also used 

to simulate the observed plasma concentration versus time profiles following a 

two-dose transdermal iontophoretic administration of alniditan. 

The time-variant input models were superior to the constant input models 

and appropriately converged to the observed data of GRF and R-apomorphine 

allowing the estimation of Jss, KR, and Jpas. In most cases the values of tL were 

negligible. The estimated Jss and the in vivo flux profiles of GRF and R-

apomorphine were similar to those obtained using the deconvolution method. 

The two-dose iontophoretic transport of alniditan was properly simulated using 

the proposed time-variant input model indicating the utility of the model to 

predict and to simulate the drug transport by a multiple-dose iontophoresis. 
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Moreover, the use of the compartmental modeling approach to derive an in vitro

- in vivo correlation for R-apomorphine was demonstrated. This approach was 

also used to identify the optimum in vitro model that closely mimics the in vivo

iontophoretic transport of R-apomorphine. 

In conclusion, the developed in vivo models demonstrate their 

consistency and capability to describe the in vivo iontophoretic drug transport. 

This compartmental modeling approach provides a scientific basis to examine in

vitro-in vivo correlations of drug transport by iontophoresis. 

A. INTRODUCTION 

Recently (1), we have proposed a family of compartmental models to 

describe the iontophoretic drug transport in vitro. The model was able to 

describe the iontophoretic transport of apomorphine per se and following 

surfactant pretreatment (2). The model parameter values describing the transport 

i.e. Jss were very close to those obtained with the standard permeation lag time 

method supporting the validity of this approach as an alternative method to 

handle iontophoretic diffusion in vitro (1). 

In literature a number of models has been proposed focusing on the 

mechanism involved during iontophoretic transport such as the mobility-pore 

model (3,4), the ion migration model (5) and the electro-osmosis model (6-8). 

However, only very few models can describe the in vitro - in vivo correlation. 

Previously, the isolated perfused porcine skin flap (IPPSF) model has been 

applied successfully to characterize the iontophoretic transport of lidocaine, 

arbutamine and Luteinizing hormone-releasing hormone (LHRH) (9-11). W hile 

this sophisticated model was reported to be superior to predict the in vivo

situation, the need for special and complex equipment limits its application. 

Most commonly, extrapolation methods to predict in vivo drug 

concentrations upon administration by iontophoresis are based on the constant 

input pharmacokinetics model as proposed by Gibaldi and Perrier (12) that is 

usually used to analyze the pharmacokinetics of intravenous infusion. In this 

case it is assumed that the steady-state flux is achieved very fast. As a result the 

drug input into the systemic circulation is assumed to be constant during the 

entire period of iontophoresis. This model has also been applied to analyze in

vivo iontophoretic data from several studies as reported by Singh et al. (13). 

However, as the steady-state flux is not always achieved instantaneously, this 

model might result in an inaccurate estimation. 

Furthermore, as the in vitro-in vivo correlation has not been examined in 

a great detail, the extrapolations are usually made based on the assumption that 

the value of the in vitro flux is the same as the in vivo flux. This assumption 

may be invalid, as the situation in vivo is obviously different from the in vitro

simulation. Therefore, to achieve a better prediction, this type of correlation 

should be studied in a greater detail, and for a wide array of different 
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compounds. For the in vivo situation, a new model based on in vitro transport 

data should be developed that takes into account iontophoretic transport profile 

during the whole iontophoretic period.  

To develop such an in vitro-in vivo correlation, this study was aimed to 

propose a novel compartmental in vivo iontophoretic transport model based on 

the model for in vitro iontophoretic transport that has been presented in our 

previous study. Subsequently, the newly proposed model was applied to fit the 

published data on the iontophoretic transport of Growth hormone-releasing 

factor 1 – 44 (GRF) (14) and R-apomorphine (15) (single-dose iontophoresis) 

and alniditan (16) (multiple-dose iontophoresis). 

B. THEORY 

As mentioned above, during iontophoresis, in most cases, drug input into 

the systemic circulation varies with time. To address this situation, in this paper 

time-variant input models are proposed. Furthermore in order to examine the 

strength of this novel approach, the constant input models are also reviewed. As 

pharmacokinetics of several drugs are better described with a multi-

compartment elimination model, models for drugs with two-compartment 

elimination kinetics are also derived.  

1. Model of drugs with one-compartment elimination kinetics  

a. The constant input model 

i. Iontophoretic period

Assuming that during iontophoresis the steady-state iontophoretic flux is 

achieved instantaneously, the rate of drug input into plasma is equal to the 

steady-state flux Jss multiplied by the patch area (S) as written below: 

Input Rate = Jss . S          (1)

According to the mass transfer scheme as is illustrated on Fig. 1A, for 

drugs with one-compartment elimination pharmacokinetics, the time-course of 

the amount of drug in plasma can be described by the following differential 

equation: 

)t(A.kS.J
dt

)t(dA
ss −=          (2) 

in which k is the first-order elimination rate constant of the drug from the 

systemic circulation and A(t) is the amount of the drug present in plasma at time 

t. Assuming that there is no drug present in plasma at time zero or A(0) = 0,

equation 2 can be solved as: 

)e1(
k

S.J
)t(A t.kss −

−=          (3) 

The drug concentration in plasma at time t (Cp(t)) can be calculated from: 
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V

)t(A
)t(Cp =           (4) 

in which V is the volume of distribution. 

Fig. 1. Scheme of drug transport into the systemic circulation during iontophoresis 

assuming that the rate of mass input into plasma is a constant Jss (panels A and C) and if 

the rate of mass input into the skin is determined by the function of flux versus time (J(t))

(panels B and D). Panels A and B illustrates the transport of drug with a one-compartment 

elimination model and panel C and D illustrates the transport of drug with a two-

compartment elimination model.  
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ii. Post iontophoretic phase

With the constant input model, the transport in the post iontophoretic 

period can only be modeled with the assumption that after termination of 

iontophoresis (with the duration of current application= T), there is no further 

mass input into the systemic circulation. In this case the mass balance of the 

drug in plasma can be written as: 

)'t(A.k
dt

)t(dA
−=                            (5) 

in which: 

Tt't −=                                               (6) 

Using the initial condition of A(0) = AT, equation 5 can be solved as: 
't.k

T e.A)t(A −

=                              (7) 

in which AT is the amount of the drug in the systemic at time T. The 

concentration of the drug in plasma at time t (Cp(t)) is again calculated from 

equation 4.  

b. The time-variant input model 

i. Iontophoretic period

As already discussed, the flux may change as a function of time. 

Therefore the time-course of the amount of drug in plasma (see Fig. 1B) can be 

described by the equation below: 

)t(A.kS).t(J
dt

)t(dA
−=                             (8) 

in  which J(t) is the flux function describing the time-dependent drug input into 

the systemic circulation per cm
2
 of the patch area. 

Previously (1), we have proposed that during the iontophoretic phase, 

there is a zero-order drug input from the patch into the skin based on a constant 

iontophoretic driving force (IDF) while the release from the skin into the 

acceptor phase (in vitro) or into the plasma (in vivo) is a passive process 

determined by a first-order skin release rate constant KR. In that situation the 

equation of J(t) is as follows:  

)e1(
S

I
)t(J NR t.K0 −

−=                                       (9) 

in which I0 is a zero-order mass transfer driven by a constant IDF during current 

application, S is the area of the patch, and tN is the net time defined by: 

LN ttt −=                                       (10) 

in which tL is the kinetic lag time of the drug to reach the skin compartment. 

Incorporation of J(t) from equation 9 into equation 8 yields: 

)t(A.k)e1(I
dt

)t(dA
N

t.K

0
NR

−−=
−

                        (11) 
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As no drug is present in plasma at time zero (A(0) = 0), equation 11 can be 

solved as follows: 

N

NR

t.k

R

R0

R

t.K

R0 e
)kK(k

K.I

)kK(k

)e.kkK(I
)t(A −

−

−
−

−
+−

=                       (12) 

The concentration of drug in plasma at time t (Cp(t)) is calculated from equation 

4. 

ii. Post iontophoretic phase

There are 2 possibilities during the post iontophoretic period depending 

on whether the patch is still attached after current removal or whether the patch 

is removed. If the patch is still attached after current removal at time T, the flux 

is defined by equation 13.  

( ) )'('.
..1)(

tK

T
RtKPI RR eX

S

K
e

S

P
tJ −− +−=                                  (13) 

in which PPI is the zero order mass input into the skin due to passive diffusion 

post iontophoresis and XT is the amount of drug in the skin when switching off 

the current at time T. However, if the patch is directly removed after current 

removal, PPI (thus also the first term in equation 13) is zero, and equation 13 can 

be reduced to equation 14.  

)'t(K

T
R Re.X.

S

K
)t(J −=                                    (14) 

The time-course of the amount of drug in plasma can then be described by the 

differential equations below: 

)'t(A.ke.I)e1(P
dt

)t(dA 't.K

T

't.K

PI
RR −+−= −−

                               (15) 

or : 

)'t(A.ke.I
dt

)t(dA 'tK

T
R −= −

                                  (16) 

in which IT is the maximum iontophoretic drug input into the skin at current 

removal at time T that is described as follows: 

)e1(IX.KI
T.K

0TRT
R−−==                                   (17) 

With the initial condition of A(0)=AT, equation 15 and 16 can then respectively 

be solved as: 





−

+
−

= k)t'--(K

R

Tk)t'--(K

R

PI'k.tPI RR .e
Kk

I
.e

Kk

P
-.e

k

P
)t(A

           
't.k

R

RTT

2

TRPI e.
)kK(k

.Kk.A-.Ak-.kI-.KP −





−

−              (18) 

or:
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't.k

R

RTT't).kK(

R

T e.
kK

)kK(AI
e

Kk

I
)t(A R −−−









−

−+
+

−
=             (19) 

The concentration of drug in plasma at time t is calculated using equation 4. 

2. Models for Drugs with two-compartment elimination kinetics 

a. The constant input model 

i. Iontophoretic period

In case the steady-state iontophoretic flux is reached instantaneously 

(Figure 1C) the time course of the amount of drug in plasma can be described 

by the following differential equations: 

)t(A.k)t(A.k)t(A.kS.J
dt

)t(dA
12221ss −−+=                       (20) 

)t(A.k)t(A.k
dt

)t(dA
22112

2 −=                          (21) 

in which A2(t) is the amount of drug in the peripheral compartment at time t.

With the initial condition A(0)=0 and A2(0)=0, the differential equations above 

can be solved for A(t):









+

−
−

−
−

−
= −−

βααββ
β

αβα
α βα

.

k
e

)(

)k(
e

)(

)k(
S.J)t(A 21t.21t21

ss             (22) 

Where α and β are micro-constants used during integration/Laplace 

transformation to solve the differential equations. The micro constants are 

defined by:  

α + β = k1 2 +k2 1 +k                                   (23)

α . β = k2 1 . k                            (24)

The concentration of drug at time t  (Cp(t)) can be calculated as: 

PV

)t(A
)t(Cp =                            (25) 

VP is the volume of distribution of the central compartment (plasma). 

ii. Post iontophoretic phase

Similar to the one-compartment model, the post-iontophoretic phase can 

only be modeled with the assumption that after current termination at time T,

there is no drug input into the systemic circulation. In this case the mass balance 

for the amount of drug in plasma and in peripheral compartment can be written 

in the following differential equations: 

)'t(A.k)'t(A.k)'t(A.k
dt

)t(dA
12221 −−=                        (26) 

)'t(A.k)'t(A.k
dt

)t(dA
22112

2 −=                          (27) 
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Using the initial condition of A(0) = AT  and A2(0)=A2T, equation 26 together 

with equation 27 can be solved for A(t) as: 

( ) ( )
βα

αβ αβ

−
−+−−+

=
−− 't.

TT2T21

't.

TT2T21 eA.)AA(keA.)AA(k
)t(A           (28) 

in which A2T  is the amount of drug in the peripheral compartment at time T.

The concentration of drug in plasma at time t (Cp(t)) can be calculated from 

equation 25. 

b. Time-variant input model 

i. Iontophoretic period

As is also discussed with compounds that follow a one-compartment 

pharmacokinetics model, the iontophoretic flux is often a time course function 

J(t) rather than a constant Jss (see Fig. 3B) as has been defined in our previous 

paper (1). Therefore equation 23 can be modified into: 

)t(A.k)t(A.k)t(A.kS).t(J
dt

)t(dA
12221 −−+=                       (29) 

Analogous to the one-compartment model, after the incorporation of J(t) from 

equation 9, equation 29 together with equation 21 can be solved by using the 

initial condition A(0)=0 and A2(0)=0 to obtain: 

( )
( )( )

( )
( )( )

NN t.

R

21t.

R

21

R0 e
K

k
e

K

k
.K.I)t(A

αβ

ααβα
α

βαββ
β −−

−−
−

−



−−

−
=

           
( )

( )( ) 



+

−−
−

+ −

R

21t.K

RRR

21R

K..

k
e

KKK

kK
NR

βαβα                     (30) 

in which:  tN is the net time as defined by equation 10. Parameters  and   are 

the micro constants obtained during integration/transformation as defined in 

equations 23 and 24. The concentration of drug in plasma at time t (Cp(t)) can 

be calculated using equation 25. 

ii. Post iontophoretic phase

As is discussed with the one-compartment model, there are 2 situations 

possible, either the patch is still attached or is directly removed after current 

removal at time T. The flux into the plasma is then defined by equation 13 and 

14 respectively. Therefore the rate of mass transfer in plasma can be described 

by either equation 31 or 32. 

)'t(A.k)'t(A.k)'t(A.ke.I)e1(P
dt

)t(dA
12221

'tK

T

't.K

PI
RR −−++−= −−

          (31) 

)'t(A.k)'t(A.k)'t(A.ke.I
dt

)t(dA
12221

'tK

T
R −−+= −

                              (32) 

If the patch is attached, with the initial condition of A(0)=AT  and A2(0)=A2T

equation 31 together with equation 27 are solved for A(t) to obtain: 
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βαββαββααα
βα

.

k.P
e

)K)((

)PP(
e

))(K(

)PP(
P)t(A 21PI't.

R

54't.

R

32

1 +
−−

+
+

−−
+

+= −−
          (33) 

where

( ) 't.K

RR

R21TPI
1

Re
)K)(K(

)Kk(IP
P −

−−
−−

−=
βα                (34) 

2

21T21TR21TRT221RPI2 .k.Ak.I.K..k.AK..A.kK.P.P ααβαα −+++=           (35) 
3

T

2

TR

2

T21RPI

2

T2213 .A.IK..Ak.K.P.A.kP αααα +−−−−=            (36) 

21RT21RPIRT221RPI21T4 k.K.A.k.K.PK.A.k.K.P.k.I.P ββββ −+−−−=           (37) 

T

2

21T

2

T

2

RT3T221

2

5 I.k.AA..KA.A.k.P βββββ +++−=             (38) 

On the other hand, if the patch is directly removed after iontophoresis, the drug 

amount in plasma can be calculated as: 

't.

R

2't.

R

1't.K

RR

21RT e
))(K(

R
e

))(K(

R
e

)K)(K(

)kK(I
)t(A R βα

βαββααβα
−−−

−−
+

−−
+

−−
−

−=     (39) 

where: 

21TT

2

T221T21T21RTRTRT2211 k.A.AA.k.I.k.Ik.K.AK.A.K.A.kR ααααα −+−−++−=            (40) 

βββββ .k.A.A.kk.IA..Ik.K.A.K.AK.A.kR 21TT22121TT

2

T21RTRTRT2212 ++−−+−+−=            (41) 

Concentration of drug in plasma at time t (Cp(t)) can be derived by using 

equation 25. 

C. METHODS 

To test the utility of the proposed in vivo models to describe the time 

course of the drug concentration in plasma upon administration by transdermal 

iontophoresis, the constant input and the time-variant input models were applied 

to fit the data of single-dose iontophoresis of GRF in hairless guinea pigs (drug 

amount: 2 mg in 2 g gel, current density: 0.17 mA cm
-2

, duration of 

iontophoresis: 5 h, patch area 5 cm
2
) (one-compartment pharmacokinetics 

model) (14) and the iontophoresis data of R-apomorphine in patients with 

Parkinson’s disease (drug concentration: 15mM, current density: 0.25 mA cm
-2

,

duration of iontophoresis: 3 hours, patch area 20 cm
2
) (two-compartment 

pharmacokinetics model). Two groups of patients namely surfactant group and 

control group were involved in this study. In surfactant group the patients 

received a 3-hour pretreatment with the formulation containing laureth-3 

ethyloxylene ether, laureth-7 ethyloxylene ether and sodium sulfosuccinate 

(0.7/0.3/0.05) prior to application of iontophoresis. In contrast the patients in 

the control group directly received the iontophoretic patch without any 

pretreatment (15). Moreover, as an example of the utility of the time-variant 

input model to fit a multiple-dose iontophoresis, the data of plasma 

concentrations of alniditan during a two-dose iontophoresis in eight healthy 
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volunteers (drug amount: 0.5 mg, current density: 0.2 mA cm
-2

, duration 

iontophoresis: 0.5 hour at t=0 h and at t=2 h, patch area: 10 cm
2
) (16) were 

analyzed.  

In order to fit the data, the pharmacokinetics parameters of k and V of 

GRF were obtained by fitting the individual plasma concentration data 

following intravenous infusion provided in the same reference (14). For R-

apomorphine, the values of the pharmacokinetics parameters of k, k12, k21, and 

VP were obtained from Li et al. (15). The pharmacokinetics parameters of 

alniditan (α, β, k12, k21, and VP) were obtained by fitting the subcutaneous 

injection simulation of alniditan presented in the same paper (16). 

All curve fittings and simulations were performed by using WinNonlin 

Professional version 4.1 (Pharsight Corporation) (17). The analyses of GRF and 

R-apomorphine were based on the individual plasma concentration versus time 

profiles of the drugs. In case of alniditan as the individual data is not available, 

the analyses was based on the mean of the plasma concentration versus time 

profile. Diagnostics of the fitting were based on plots of: the predicted and the 

observed plasma concentration versus time, the predicted versus the observed 

plasma concentration, and the weighted residual sum of square versus the 

predicted plasma concentration. Nelder-Mead algorithm was used during the 

minimization process with values of the increment for partial derivative, number 

of predictive values, convergence criterion, iterations, and mode size of 0.001, 

1000, 0.0001, 500 and 4 respectively. For all fittings proportional weighting to 

the reciprocal of the predicted value was applied.  

Moreover, due to the limited number of data-points, in order to obtain a 

better confidence level of the best-fit parameters, the fitting of the iontophoretic 

data to the time-variant input model were typically performed in 2 steps. The 

first step was to evaluate whether the parameter tL should be constrained to a 

certain value. The second step was the fitting of the same data with the time-

variant input model by constraining the value of tL. For subject D in GRF 

iontophoresis as well as subject 3, 7 and 10 in R-apomorphine iontophoresis, the 

fitting was only performed once as the good fit and reliable values of the best-fit 

parameters were already obtained.  

Furthermore, based on the best-fit parameters obtained with the time-

variant input models, the in vivo flux profiles of both GFR and R-apomorphine 

were simulated. These in vivo flux profiles were then compared with the in vivo

flux profile derived using the deconvolution method. Deconvolution analysis 

was performed by using Deconvolution Toolbox in WinNonlin Professional v. 

4.1.  

To estimate the in vitro-in vivo transport as well as to find the best in

vitro system mimicking the in vivo transport of R-apomorphine in both 

surfactant and control/PBS groups, the transport parameters (Jss, KR and tL) from 

the in vivo study were compared to the transport parameters from several in

vitro studies. The in vitro studies consist of: the iontophoretic transport across 
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HSC at room temperature (2), the iontophoretic transport across HSC at 32 
0
C

(18), and the iontophoretic transport across DHS at 32 
0
C (18). In all of these 

studies, R-apomorphine concentration in the donor phase was 15 mM, current 

density was 0.5 mA cm
-2

, duration of iontophoresis was 9 h, and the active 

diffusion area was 0.64 cm
2
.

D. RESULTS

1. The utility of the models to fit the data of single dose iontophoresis of 

GRF

The observed individual profiles of plasma concentration versus time of 

GRF upon transdermal iontophoresis in 4 hairless guinea pigs together with the 

best-fit profiles by the constant input and time-variant input models in 

combination with a one-compartment model for the elimination kinetics are 

presented in Fig. 2. The graphs show a clear trend that the time-variant input 

model better fits to the observed data than the constant input model for all 

individuals. The typical examples of the visual evaluation based on the 

predicted versus the observed flux correlation and the weighted residual sum of 

square versus the predicted flux, as presented in Fig 3, confirm that time-variant 

input model is better to describe the transdermal iontophoresis of GRF in vivo.
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Fig. 2. The observed data (closed square), the prediction based on the constant input 

model (dashed line) and the prediction based on the time-variant input models (solid line) 

of plasma concentration versus time profiles of GRF upon transdermal iontophoresis in 4 

hairless guinea pigs. The observed data are obtained from reference (14). Terms A, B, C, 

and D refer to individual animal. 

The final best-fit parameters of Jss, KR, and tL for each subject are 

presented in Table I. Except in subject D (GRF), the values of tL were negligible 
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(see Table I). The parameter Jpas was not determined, as the post-iontophoretic 

period data were not available. 

Fig. 3. Typical example of the visual evaluation of the predicted plasma concentration 

versus the observed plasma concentration (closed square) and the weighted residual 

versus the predicted plasma concentration (closed diamond) of GRF in hairless guinea pig 

D, fitted using the time-variant input model (I) and the constant input model (II).

2. The utility of the models to fit the data of single dose iontophoresis of R-

apomorphine 

In Fig. 4, typical examples of the fitting of the plasma concentration of R-

apomorphine of both the surfactant pretreatment group (panel A) and the control 

group (panel B) using the constant input model and the time-variant input model 

are presented. The superiority of the time-variant input model to describe the 

transport of R-apomorphine during the iontophoretic period and the post-

iontophoresis period is demonstrated while in all cases the constant input model 

fails to converge the data. Visual evaluation was not performed, as the 

superiority of the time-variant input model was already obvious. The final best-

fit parameters of Jss, KR,, and tL of all patients are presented in Table I. 
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Fig. 4. Typical examples of the observed data (closed circle), the prediction based on the 

constant input model (dashed line) and the prediction based on the time-variant input 

models (solid line) of plasma concentration versus time profiles of R-apomorphine upon 

transdermal iontophoresis in patients with Parkinson’s disease from surfactant 

pretreatment group (panel A) and control group (panel B). The observed data are obtained 

from reference (15). 

3. The utility of the models to fit the data of multiple dose iontophoresis of 

alniditan 

The utility of the time-variant input model in fitting the plasma 

concentration of alniditan during a two-dose iontophoresis of alniditan is 

presented in Fig. 5. Moreover, the figure demonstrates that the time-variant 

input model is obviously better to describe the plasma concentration versus time 

profile of alniditan in comparison to the subcutaneous injection simulation as 

previously used by Jadoul et al. (16). The final best-fit parameters of Jss, KR,,
and Jpas of alniditan are presented in Table I. 

4. The utility of the models to predict in vivo flux profiles 

 The typical examples of the in vivo flux versus time profiles are presented 

in Fig. 6 (GRF) and Fig. 7 (R-apomorphine). The figures demonstrated 

individual variation in the shape of the curves due to variation in Jss, KR, and tL.

Moreover, the profiles of flux versus time are comparable to that obtained with 

ID=1

ID=3

   ID=7 

   ID=10 

   ID=14 

   ID=16 

C
p

 (
n

g
 m

l-1
)

C
p

 (
n

g
 m

l-1
)

C
p

 (
n

g
 m

l-1
)

C
p

 (
n

g
 m

l-1
)

C
p

 (
n

g
 m

l-1
)

C
p

 (
n

g
 m

l-1
)



Chapter 7

122 

the deconvolution method. In addition, the estimated values of Jss obtained 

using the time-variant input model for GRF and R-apomorphine are very similar 

to the values estimated with the deconvolution method (p>0.05, paired 

Student’s t-test) (see Table II).  
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Fig. 5. The observed data (mean + SD, circles + one error bar), the prediction based on 

the time-variant input model (solid line), and the subcutaneous injection simulation 

(dashed line) of plasma concentration of alniditan during a two-dose iontophoresis in 

healthy volunteers. The observed plasma concentration of alniditan and subcutaneous 

injection simulation are obtained from reference (16).  

E. DISCUSSION 

Analogous to the in vitro models, the proposed in vivo time-variant input 

models introduce in addition to Jss, the parameters KR, Jpas, and tL to describe the 

drug transport during and post iontophoresis. Furthermore, particularly in case 

of iontophoresis of GRF and R-apomorphine, the difference in the shape of the 

in vivo flux profiles between individuals due to the differences in the values of 

the parameters of Jss, KR, and tL (see Table I) is demonstrated.  

Time to reach steady-state flux can be estimated based on the values of 

KR and tL as proposed previously (1): 

R

Lss
K

)01.0ln(
tT%99 −=                           (42) 

in which 99%Tss refers to the time to achieve 99% of the steady-state flux. 

Based on that formula, the averages time required to reach the steady-state are 

approximately 2.3 hours in R-apomorphine and 3.3 hours in GRF. In the 

alniditan case, although a steady-state flux can be reached in approximately 0.3 

hour, this is a relatively significant time period considering the application of 

current for only 0.5 hour. Thus in all cases there is a significant time delay 

before steady-state flux is reached and as a consequence the use of the time-

variant input model is superior to the constant input model. 
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Table I. The values of the best-fit parameters obtained by the application of the time-

variant input model to the plasma concentration versus time profiles of GRF, R-

apomorphine and alniditan 

Subject Jss
* KR

** tL
***Drug

ID Mean %CV Mean %CV Mean %CV 

GRF A 677.4 6.3 1.6 24.4 0.0 N/D 

 B 353.4 8.8 0.9 32.6 0.0 N/D 

 C 1078.5 9.8 1.9 44.5 0.0 N/D 

 D 796.5 1.9 2.1 20.2 0.5 9.6 

R-apo-  1 25.6 9.8 2.4 21.9 0.0 N/D 

morphine 2 40.9 7.3 2.3 13.7 0.0 N/D 

(Surfactant) 3 34.2 2.2 3.8 10.4 0.0 24.0 

 5 32.5 19.3 2.5 44.9 0.0 N/D 

 6 39.4 7.5 1.9 15.4 0.0 N/D 

 7 34.3 9.2 3.1 22.4 0.1 8.4 

 8 27.3 7.6 3.0 17.7 0.0 N/D 

R-apo-  10 25.0 8.0 1.5 16.7 0.1 15.9 

morphine 11 24.0 12.7 1.4 22.0 0.0 N/D 

(Control) 12 26.1 6.0 3.5 18.7 0.0 N/D 

 13 27.2 8.1 2.2 15.4 0.0 N/D 

 14 25.9 4.8 1.9 9.9 0.0 N/D 

 16 27.9 3.2 1.6 4.7 0.0 N/D 

Alniditan# Average 68.6 8.4 15.0 52.6 0.0 N/D 

Legends:

* The units of Jss are ng cm-2 h-1 (GRF) and g cm-2 h-1 (R-apomorphine and alniditan) 

** The unit of KR is h-1

***The unit of tL is h 

# Parameter Jpas of alniditan was estimated as 2.5 g cm-2 h-1 with %CV of 19.9 

N/D : CV was not determined due to the tL parameter was constrained. 

In most cases, the values of tL can be neglected from the model. This is 

interesting, as we observed previously that in the in vitro situation both with R-

apomorphine and rotigotine, a statistically significant kinetic lag time was 

present (1). This is an indication that in the in vivo situation, the rate of the drug 

to enter the skin barrier is somewhat faster compared to the in vitro situation. 

Further investigation is required to explain this interesting phenomenon.  

For the first time, elucidation of the in vivo flux versus time profile was 

obtained using an alternative method instead of deconvolution, which has been 

used previously (15,19). Although the flux levels for GRF and R-apomorphine 

obtained with both methods are comparable, the prediction on the basis of the 

compartment model yields a curve that more closely mimics the in vitro flux 

profiles that are usually observed (20,21). In contrast, the profiles estimated 

with the deconvolution method, are more scattered with respect to the normal 

flux versus time profile. It has been discussed previously that the deconvolution 



Chapter 7

124 

method can be subject to numerical instability such as sudden oscillation in the 

input function. As a result, some noise present in the experimental data can 

render an error in the earlier estimates that will have a cumulative effect on the 

subsequent estimates (22). 
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Fig. 6. The prediction of the in vivo flux versus time profile of GRF during iontophoresis 

in 4 hairless guinea pigs derived based on the time-variant input model (solid line) and 

deconvolution method (dotted line). Terms A, B, C, and D refer to individual animal. 

When comparing the compartment model with the deconvolution method, 

the advantage of the former is that the parameter Jss can be derived directly 

based on the best-fit parameters obtained. In contrast, Jss of the profile derived 

with deconvolution method must be estimated using the permeation lag time 

method. Although in cases of GRF and R-apomorphine, the values of Jss

estimated with both methods are very similar (see Table II), the permeation lag 

time method possesses some important disadvantages such as the need to 

exclude some data-points and the need to transform the data to allow a linear 

regression analysis (1). In certain circumstances these disadvantages might be 

crucial resulting in an inaccurate estimation of Jss. In addition, as the time-

variant input model also estimates other parameters such as KR, Jpas, and tL, it 

provides more information regarding the mechanism of the transport during the 

in vivo iontophoresis which is not available with the deconvolution method. 

The derivation of the in vivo flux as time course profile based on the fit 

parameters Jss, KR, Jpas, and tL offers an important advantage as it allows one to 

more easily evaluate the efficiency of transport during iontophoresis. The 

evaluation of the in vivo flux profile provides more obvious information than 

the evaluation of plasma concentration versus time profile. This is illustrated in 

the example of R-apomorphine iontophoresis in the control group. Although 
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Patient 10 has higher drug concentration in plasma than Patient 14 (Fig. 4B), 

their in vivo flux profiles are similar, even with a significant kinetic lag time for 

Patient 10 (Fig. 7B). Thus the iontophoretic delivery in Patient 14 was more 

efficient than in Patient 10. 
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Fig. 7. The typical examples of the prediction of the in vivo flux versus time profile of R-

apomorphine during and after iontophoresis in patients with Parkinson’s disease from 

surfactant pretreatment group (panel A) and control group (panel B) derived based on the 

time-variant input model (solid line) and deconvolution method (dotted line).  

Table II. Comparison of the estimation of Jss during iontophoresis of GRF and R-

apomorphine estimated using the time-variant input model and the deconvolution method. 

Time-variant 

input model 

Deconvolution

method 

Significance#Drug Unit 

Mean SD mean SD  

GRF  ng cm-2 h-1 726.4 300.2 704.9 255.1 p>0.05 

R-apomorphine (Surfactant) g cm-2 h-1 33.5 5.7 31.5* 3.9* p>0.05 

R-apomorphine (Control) g cm-2 h-1 26.0 1.4 24.1* 2.1* p>0.05 

Legends:
* the values obtained from reference (15) 
# based on the paired Student’s t-test 
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Another important benefit of this modeling approach is the possibility to 

predict and to simulate the in vivo profile of multiple-dose iontophoresis in an 

appropriate way as is illustrated for alniditan. Due to the lack of a specific 

model, previously the authors presented the data together with a simulation of a 

subcutaneous injection of alniditan (16). This type of simulation renders an 

inappropriate prediction of the drug concentration in plasma especially during 

the iontophoretic period as is clearly demonstrated in Fig. 5. Furthermore, the 

simulation based on the proposed time-variant input model excellently 

converges to the data during the iontophoretic and post iontophoretic periods.  

The ability to simulate the plasma drug concentration after a multiple-

dose of iontophoresis is a very important advantage provided by this modeling 

approach. For example in case of fentanyl, in some cases of severe pain, several 

iontophoretic dose titration steps are required to achieve the best pain 

management (23). In this case the plasma concentration of fentanyl might be 

simulated using the model whatever fashion is required. Moreover, if the 

therapeutic window of a drug is known, several types of multiple dose 

iontophoretic delivery fashion can be simulated and be adjusted to achieve the 

most beneficial goal of therapy, particularly the longest duration of action using 

the same dose of current. This approach might also benefit from the 

consideration of obtaining the lowest risk of skin irritation due to the application 

of several shorter period of current. 

Thus, the proposed in vivo models with time-variant input have shown 

their utility to describe the profile of plasma concentration as well as to predict 

the profile of the in vivo flux following transdermal iontophoresis. The 

pharmacokinetics study in the field of transdermal iontophoresis in the future 

will be benefited with this novel approach which has been demonstrated to be 

superior to the use of the constant model in all examples shown in this paper.   

Furthermore, as we already derived both the in vitro and the in vivo

models of iontophoretic transport that are based on the same assumptions, this is 

potentially of great value to derive an in vitro-in vivo correlation of 

iontophoretic transport. In order to obtain an ideal correlation, both the in vitro

and the in vivo investigations should have the identical conditions and 

treatments, particularly the composition of the drug solution in the donor 

phase/patch and the applied current density.  

Although in most cases not all conditions of experimentation in vitro is 

identical to the experimentation in vivo and therefore an ideal correlation might 

not be obtained, several ways of extrapolation may be performed to obtain an 

approximation of this correlation. Given as an example is the comparison of the 

in vivo R-apomorphine iontophoretic transport to the in vitro iontophoretic 

transport across HSC at room temperature presented in our previous paper (1). 

The most important difference between this in vivo study to the in vitro study is 

the current density used. The current density of 0.5 mA cm
-2

 was used in the in

vitro study while in the in vivo study a current density of 0.25 mA cm
-2

 was 
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applied. As the flux of R-apomorphine was reported to be linearly correlated to 

the current density (18,21) we could simulate the in vitro flux profile from the 

previous study to the current density of 0.25 mA cm
-2

. By fitting these simulated 

data using the in vitro compartment model, the best-fit parameters of Jss, KR,

Jpas, and tL were obtained as presented in Table III. The comparison to the in

vivo parameters is presented in the same table.  

Table III. Comparison of the in vitro-in vivo best-fit parameter of iontophoretic transport 

of R-apomorphine from surfactant pretreatment group and control group derived using 

the in vitro model and the in vivo time-variant input model. 

Jss ( g cm-2 h-1) KR (h-1) tL (h) Jpas ( g cm-2 h-1)Group System 

Mean SD Mean SD Mean SD Mean SD 

Surfactant# in vivo 33.5 5.7 2.7 0.6 0.0 0.0 N/D N/D 

in vitro RT 28.1 3.4 2.6 1.2 0.3* 0.1 4.8 0.7 

in vitro 32 0C 67.4* 13.7 0.9* 0.5 0.1 0.1 N/D N/D 

in vitro DHS 49.1* 5.1 0.4* 0.2 0.5* 0.3 4.7 3.4 

PBS in vivo 26.0 1.4 2.0 0.8 0.0 0.0 N/D N/D 

/Control in vitro RT 13.2* 1.2 2.4 0.8 0.4* 0.1 2.4 0.6 

in vitro 32 0C 28.9 5.3 1.7 1.1 0.1 0.1 N/D N/D 

in vitro DHS 34.3* 5.1 0.4* 0.2 0.7* 0.5 1.0 1.5 

Legends:
* : The in vitro value is significantly different to the in vivo value (p<0.05). 
# : Surfactant pretreatment significantly  increased the in vivo flux of R-apomorphine, the 

in vitro flux of R-apomorphine across HSC at room temperature (RT), the in vitro flux of 

R-apomorphine across HSC at 32 0C, and the in vitro flux of R-apomorphine across DHS 

at 32 0C (p<0.05).

N/D: Not determined 

Except with the values of Jss of the control group and the values of tL in 

both groups, the in vivo values were very similar to the ones obtained in vitro at 

room temperature. While in the surfactant pretreatment group the in vivo value 

of Jss was similar to the one observed in vitro, in the PBS/control group the in 

vivo Jss was more than a two-fold higher than the in vitro value. These results 

indicate that with surfactant pretreatment, the in vitro transport at room 

temperature can mimic the in vivo transport while with the control group, it 

underestimates the in vivo transport. However, we also analyzed other in vitro

data of R-apomorphine transport across HSC and DHS in which the acceptor 

phase was maintained at 32 
0
C as reported previously (18). The results are also 

presented in Table III. Interestingly, with the transport across HSC at 32 
0
C, all 

the in vitro parameters (Jss, KR, and tL) of the control group are similar to the in 

vivo transport (p>0.05). In contrast for surfactant group, Jss was a two-fold 

higher than the in vivo value (p<0.05) while the KR was more than a two-fold 

less than the in vivo value (p<0.05). For the transport across DHS at 32 
0
C, the 
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Jss in vitro was significantly higher in both the surfactant and the control groups 

compared to the values in vivo (p<0.05). From these results, we can conclude 

that the diffusion across HSC with the acceptor phase maintained at 32 
0
C might 

appropriately mimic the in vivo transport of R-apomorphine without surfactant 

pretreatment. Moreover, although the transport across DHS did not 

appropriately describe the in vivo transport of R-apomorphine in both groups, it 

predicted the enhancement factor (EF) of the surfactant pretreatment to the 

iontophoretic transport of R-apomorphine very well. In contrast to the transport 

across HSC at room temperature or at 32 
0
C that respectively predicted the EF 

values of approximately 2.3 and 2.4, the transport across DHS predicted the EF 

value of approximately 1.4, which is very close to the enhancement factor in

vivo (1.3).  

Thus with this in vitro-in vivo compartmental modeling approach, we 

have demonstrated an example of its utility to find the optimum situation of the 

in vitro experimentation which mimics to the in vivo condition. Whether the 

conclusion derived for the transport of R-apomorphine can be generally applied 

for other compounds, more in vitro and in vivo investigations based on this 

modeling approach should be investigated. While probably not in all situations 

an in vivo iontophoretic transport can be predicted from an in vitro

experimentation, it should be possible to derive a correction factor that can 

provide a bridge to fill that gap. With this solution a prediction of the in vivo

transport based on the in vitro transport will be possible. 

In summary, the in vivo models based on the compartmental mass transfer 

for iontophoretic transport introducing the use of Jss, KR, Jpas, and tL parameters 

have been proposed. The proposed in vivo time-variant input model converged 

to the observed data both for one- and two-compartment pharmacokinetics 

models in a single or multiple dose iontophoresis. In all cases the use of the 

time-variant input model is superior to the constant input one and provides some 

extra information regarding the transport. Finally, the use of these mathematical 

models is of value in order to derive an in vitro-in vivo correlation during 

transdermal iontophoretic transport and also to search the optimum in vitro

model that closely mimics an in vivo condition as has been demonstrated in case 

of R-apomorphine transport. 

F. ABBREVIATIONS 

Jss     : Steady-state flux 

A(t) : Drug amount in plasma at time t 

S : Patch area 

J(t) : Flux at time t 

I0 : The constant rate of iontophoretic drug input into the skin 

KR : The rate constant of drug release from the skin into the systemic  

             circulation (in vivo) or into the acceptor phase (in vitro)
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Cp(t) : Drug concentration in the central compartment (plasma) at time t 

k  : The rate constant of drug elimination from the central compartment 

VD1 : Volume of distribution of the central compartment 

k12 : The rate constant of drug distribution from the central to the peripheral  

               compartment 

k21 : The rate constant of drug distribution from the peripheral to the central  

             compartment 

tL : The kinetic lag time of the drug molecules to enter the skin  

             compartment 

tN : The net time of current application 

t’ : The net time post iontophoresis 

T :  Duration of current application 

IT : The maximum iontophoretic drug input at current removal at time T 

AT : The amount of drug presence in the central compartment at current   

             removal 

A2T : The amount of drug presence in the peripheral compartment at current  

             removal 

α and β: micro constants obtained during integration/Laplace transformation 

HSC : Human stratum corneum 

DHS : Dermatomed human skin 

EF : Enhancement factor 

PPI  : The zero order mass input into the skin due to passive diffusion post- 

             iontophoresis 
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