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plasma concentration (Cnax ) after patch application. Patch application presumably decreases variance as
rub-off, wash and exfoliation steps are diminished.

Keywords: . The results showed that interindividual variation, in terms of coefficient of variation (CV) of Cpax,
Transdermal drug delivery .. . . . e e

Pharmacokinetics is inversely correlated with drugs molecular weight and lipophilicity in the range of 200 < MW <400
Interindividual variation and 1.6 <log Kot <4.3. Multiple regression analysis of Cmax against physichochemical parameters demon-
QSPR strated the prominent contribution of hydrogen bonding acceptability of the molecules on their maximal
Skin absorption plasma concentration after patch administration.

Transdermal patch The findings suggest that the serum concentration profile for transdermal therapeutic systems (TTS) is

a net result of the system performance, drug absorption and elimination. Thus, the variability in serum
concentration is a function of variability of each process involved. This should be noted in explanation of
effect of molecular features of drugs on their plasma concentration profile.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Scopolamine was the first drug marketed as a transdermal ther-
apeutic system (TTS). Incremental design developments resulted
in a significant market growth of these products. Their advantages
(reduced first pass effect and Gl incompatibility, constant therapeu-
tic drug level, and increased patient compliance) have increased
their popularity.

Today, numerous drugs have been delivered successfully
through transdermal patches: scopolamine, nitroglycerin, nico-
tine, clonidine, fentanyl, estradiol, testosterone, oxybutynin, and
recently methylphenidate, selegiline, rivastigmine and rotigotine.

However, considering the efficient skin barrier properties, spe-
cific physicochemical properties are needed for a chemical to be a
candidate for passive transdermal delivery. The molecules should
be small (MW <500), have a low melting point (<200 °C), and have
alog Koct of ~2 (Vecchia and Bunge, 2003).

Predictive equations for skin permeability coefficients of drugs
are mainly made based on the in vitro static cell experiments using
animal or human skin (Potts and Guy, 1992; Cronin et al., 1999).
Detailed analysis of the pharmacokinetics of transdermal drug
delivery and its correlation with physicochemical characteristics
of the delivered drugs is minimal. Moreover, there is considerable
interindividual variation in transdermal penetration and pharma-
cokinetics, which could be one reason for imprecision in predicting
dermatopharmacokinetics parameters of transdermally delivered
drugs based on their molecular properties.

This study reviews the dermatopharmacokinetic parameters
of the drugs marketed as several brands of transdermal patches,
reports the interindividual variations in pharmacokinetics param-
eters such as Cax (maximal plasma concentration), and correlates
the in vivo data and physicochemical characteristics of the drugs.
Patches were chosen as they minimize the variance from three steps
of penetration: rub-off, exfoliation and wash (Wester and Maibach,
1983).

2. Transdermal therapeutic systems (TTS)

Currently, at least 13 drugs are widely marketed as transder-
mal therapeutic system (Table 1). Each transdermal system was
designed according to a therapeutic rationale based on existing
pharmacokinetic/pharmacodynamic data.

3. Pharmacokinetic parameters of TTS after single-dose
application

The single-dose pharmacokinetic profile for transdermal deliv-
ery includes three periods: (1) the time until plasma concentrations
are achieved (lag time); (2) the plateau at constant steady-state
plasma concentrations; and (3) a declining phase post patch
removal.

The last phase may be prolonged due to the presence of a skin
depot, and the drugs pharmacokinetic characteristics (Berner and
John, 1994; Grond et al., 2000).

TTS pharmacokinetic evaluation is often accomplished through
randomized crossover studies, comparing the pharmacokinetic
profile of a transdermal system with that of an intravenous or oral
dose, or comparing different products for bioequivalence studies.

Plasma concentration time profiles for most of the transdermal
systems are characterized in terms of AUCy_; (area under the time
concentration curve from time 0 to time t), AUC o_g, (area under the
time concentration curve from time O to infinity), Cmax (maximal
plasmadrug concentration) and Tmax (time to maximal plasma drug
concentration). Cmax occurs due to: (a) slight depletion in driving
force of drug; (b) variation due to plasma assay/sampling; and (c)
other reasons such as circulation variation. For any of these, Cpax
provides a practical estimate of Css (plasma concentration at steady
state).

Table 2 (2.1 to 2.12) demonstrates the pharmacokinetic data of
transdermal patches, after single-dose treatment.

Table 3 (3.1 to 3.5) presents metabolite pharmacokinetic data.

4. Correlation of physicochemistry and plasma
concentration of drugs

Scheuplein and Blank, proposed that epidermal penetration
depends on the structural features of the penetrant (Scheuplein and
Blank, 1971). The epidermal transport of most solutes is restricted
to passive diffusion across the stratum corneum. Studies have eval-
uated the role of molecular structure and physicochemistry in this
process. Most attempts to develop predictive equations for perme-
ability have focused on the contributions of molecular size and the
solubility in stratum corneum lipids. The data availability, and rela-
tive success in addressing a wide range of biophysical processes
involved in the skin permeation make molecular weight (MW)
and logarithmically transformed octanol-water partition coeffi-
cient (log Koct) the most widely used parameters for predicting skin
penetration (Vecchia and Bunge, 2003). Melting point may also be
considered as an important predictor of skin permeability coeffi-
cient as it correlates strongly with oil solubility of drugs (Yalkowsky,
1981; Barratt, 1995).

4.1. Predictive models for skin permeability

Two types of structure-activity models have been used to esti-
mate the skin permeability coefficients of chemicals: empirical and
theoretical. Theoretical models are based on the contributions of
the possible routes of percutaneous penetration and the interac-
tions of the elements of these routes with the penetrants. Empirical
models rely on measured experimental permeability coefficients of
series of chemicals and correlate them with the physicochemical
properties.

The Guy and Hadgraft theoretical model (Guy and Hadgraft,
1985) is based on a linear pharmacokinetic model. The rate con-
stants in this model have been chosen such that they may be
related to the penetrants physicochemical properties. Equations
have been derived which may be used predictively to estimate
the concentration of drug in the plasma following transdermal
application.

A database of in vitro skin permeability coefficient values has
been consolidated and over 20 empirical equations have been
published estimating permeability coefficients for chemicals pene-
trating the human skin from aqueous vehicles (Vecchia and Bunge,
2003). One of the most widely used empirical models was devel-
oped by Potts and Guy, predicting permeability coefficient (Kp)
based on log Kot and molecular weight (MW) (1) (Potts and Guy,
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Table 1
Currently available transdermal therapeutic systems?.
Drug TDS name Strength TE codeP Company
Estradiol Alora 0.025, 0.05, 0.075, 0.1 mg/24 h BX Watson
Climara 0.025, 0.0375, 0.05, 0.06, 0.075, 0.1 mg/24 h AB/AB2 Bayer HLTHcare
Estraderm 0.05, 0.1 mg/24h BX Novartis
Estradiol 0.025, 0.0375, 0.05, 0.06, 0.075, 0.1 mg/24 h AB/AB2 Mylan
Vivelle 0.05,0.1 mg/24h AB1 Novartis
Vivelle-Dot 0.025, 0.0375, 0.05,0.075, 0.1 mg/24 h BX/AB1 Novartis
Menostar 14 ng/24h None Bayer HLTHcare
Ethinyl estradiol/levonorgestrol Climara Pro 0.045;0.015 mg/24h None Bayer HLTHcare
Ethinyl estradiol/norelgestromin Ortho Evra 0.02;0.15 mg/24h None Ortho Mcneil
Ethinyl estradiol/norethindrone Combipatch 0.05;0.14, 0.05;0.25 mg/24h None Novartis
Clonidine Catapress 0.1,0.2,0.3 mg/24h None Boehringer ingelheim
Oxybutinin Oxytrol 3.9 mg/24h None Watson
Fentanyl Duragesic 12.5,25, 50, 75,100 pg/ h AB Alza
Fentanyl TDS 12.5,25, 50, 75,100 ug/ h AB Mylan
Fentanyl TDS 25,50, 75,100 pg/ h AB Watson
Fentanyl TDS 25,50, 75,100 pg/ h AB Lavipharm
Fentanyl TDS 25,50, 75,100 p.g/ h AB Abrika Pharms
Methylphenidate Daytrana 1.1, 1.6, 2.2,3.3mg/ h None Shire
Nicotine Nicoderm CQ 7,14,21 mg/24h None Sanofi Aventis US
Nicotine 7,14,21 mg/24h None Aveva
Habitrol 7,14,21 mg/24h None Novartis
Prostep 11,22 mg/24h None Aveva
Nitroglycerin Minitran 0.1,0.2,0.4,0.6 mg/h AB1 3M
NG TDS 0.1,0.2,0.4,0.6 mg/h AB2 Mylan
Nitrodur 0.1,0.2,0.3,0.4, 0.6, 0.8 mg/h AB1 Key Pharms
Nitroglycerin 0.2,0.4,0.6 mg/h AB2 Hercon labs
Nitroglycerin 0.2,0.4 mg/h AB1 Kremers Urban
Selegiline EMSAM 6,9,12 mg/24h None Somerset
Scopolamine TD Scop 1 mg/72h None Novartis
Testosterone Androdrem 2.5,5 mg/24h None Watson
Rivastigmine Exelon 4.6,9.5,13.3,17.4 mg/24h None Novartis
Rotigotine Neupro 2,4,6 mg/24 h None Schwarz Pharma
2 Reference: www.fda.gov/cvm/FOL
b Therapeutic equivalence code.
1992). As Fick’s first law of diffusion describes steady-state diffusion
through a membrane (3):
logKp = —2.72 + 0.71 log Koct — 0.0061 MW (1)
] K xD (3)
Variability in the proposed models is partly due to the experi- hx Co

mental uncertainties and individual skin variations which limit the
prediction of skin permeability coefficients.

However, correlation of in vivo skin permeation descriptors such
as plasma concentration and molecular characteristics has not been
evaluated in the literature.

According to the Eq. (2), after transdermal drug delivery, plasma
concentration depends on J (steady-state flux of the drug per unit
area) and is inversely related to the drug’s Vd (volume of distribu-
tion):

Ax]

s = Rexvd

(2)

where A is patch area, and Ke is the elimination rate constant
(Berner, 1985).

where K is the stratum corneum/formulation partition coeffi-
cient of the drug, D is its diffusion coefficient in the stratum
corneum of path length h, and Cy is the concentration of drug
applied.

Therefore, the dependency of plasma concentration on flux (J),
allows relation to the drug’s physicochemical properties. Mean-
while as a component of drug clearance, volume of distribution is
also related to drug’s solubility characteristics, which emphasizes
correlation of plasma concentration and structural features of drug
molecules.

Here, using multiple regression analysis, an empirical model has
been adopted for prediction of Crpax of transdermally administered
drugs upon their physicochemical properties such as log Koct, MW
or MV (molecular volume) and hydrogen bonding descriptors.

Table 2.1

Pharmacokinetic data for transdermal therapeutic system (TTS) scopolamine?.

nP Delivery rate (jg/h) Duration of application (h) Crmax (ng/ml) Css (ng/ml) Cavg (ng/ml) Tmax (h) Reference

8 5 72 0.1 (0.011-0.24) NA NA 8 Renner et al. (2005)
NA® 5 72 NA NA 0.087 24 PDR (2006)

2 TD Scop (reservoir); application site: behind the ear.
b Number of subjects.
¢ Not available.


http://www.fda.gov/cvm/FOI
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Table 2.2

Pharmacokinetic data for transdermal therapeutic system (TTS) rivastigmine?. Data are presented as mean and inter-individual variability (standard deviation or range).

n Delivery rate (mg/day) Duration of application (day) Cmax (ng/ml) AUCy_¢ (ng/mlh) AUC-24 (ng/mlh) Timax () Reference

40 9.5 1 6.8 +£3.2 128 +£51.7 NA 16(8-24) Lefeévre et al. (2007)
22 4.6 1 27 +12 NA 46.3+17.2 8(0-12.1)  Lefévre et al. (2007)
22 9.5 1 79 + 29 NA 127 +41.4 8(3-16) Lefévre et al. (2007)
19 133 1 141 £ 6.3 NA 233+83.2 8(3-16) Lefévre et al. (2007)
13 174 1 195+75 NA 345+127 8(0-12) Lefévre et al. (2007)
13 4.6 1 33+ 14 NA 64.1+24.6 82+24 Mercier et al. (2007)
14 9.5 1 8.7 £33 NA 166.4 +50 8.1+24 Mercier et al. (2007)
15 133 1 16 £ 6.3 NA 312.4+110 82+23 Mercier et al. (2007)
16 17.4 1 242 +£9.7 NA 473.9+163 83+25 Mercier et al. (2007)

2 Exelon (matrix); application site: upper or lower back, upper arm, chest.

Table 2.3

Pharmacokinetic data for transdermal therapeutic system (TTS) testosterone?. Data are presented as mean and inter-individual variability (standard deviation).

n Delivery rate (mg/day) Duration of application (day) Cmax (ng/dl) Css (nmol/L) AUC (ng/mlh) e () Reference

34 2*2.5 1 696.96 + 299.5 18.1+7.49 NA 81 +32 Meikle etal., 1996

12 25 4 525 + 146 NA 732+ 173 6.62 + 3.21 Brocks et al., 1996

12 2*2.5 4 739 + 309 NA 108 + 52.6 8.54 &+ 5.53 Brocks et al., 1996

12 3*2.5 4 1036 + 422 NA 155 + 63.6 6.61 + 2.38 Brocks et al., 1996

NA 2%2.5 1 737.28 NA 108 8.54 McClellan and Goa, 1998

2 Androderm (matrix); application site: back, stomach, upper arms, thighs.

4.2. Methods

As is usual in transdermal studies, the technique is based on
multiple regression analysis (Potts and Guy, 1992; Abraham et al.,
1995). Statistical analysis was conducted using SPSS software (SPSS
11.5, SPSS Science, Chicago, IL, USA)

It was assumed that a general linear model would apply of the
type:

Cmax =A+ Bb+Cc+---

Cmax (maximal plasma concentration) is the mean of reported val-
ues for each drug, after being normalized to dose .When there were
more than one brand for a drug, Chax corresponded to each brand
was examined separately in each modeling trial (Table 4). A, repre-
sentsaconstant,and B, C, . .. are fitted coefficients to the parameters
b, c, ... (such as molecular weight, log Koct, number of hydrogen
bond donor or acceptor groups on the molecule, molecular volume,
excess molar refraction and dipolarity/polarizability).

The molecules physicochemical descriptors are summarized in
Table 4.

The values A, B, C, ... were calculated as the coefficients in the
best fit equation from the multiple regression analysis.

In order to determine the usefulness of a model, the following
statistical information was considered:

1. r2: The coefficient of determination: This represents the amount
of the dependent variable (Cyax ) attributable to the values of the
independent (predictor) variables.

2. p: This is the probability of error in concluding that a predictor
has areal influence on Crhax. A value <0.05 is generally considered
acceptable.

3. Studentized residual (TRESID): The residual is the difference
between observed and predicted values of Cpax. Its normality
has been tested to assure that the standard errors of regression
coefficients are not biased.

4. Leverage (HI): High leverage is an indication of presence of
unusual predictor values. A value >3v/N is considered unusual
(v, number of independent predictors including the constant; N,
number of data points).

5. Variance inflation factor (VIF): VIF>10 confirms collinearity,
which means that independent variables are highly related to

Table 2.4
Pharmacokinetic data for transdermal therapeutic system (TTS) selegiline?. Data are presented as mean and inter-individual variability (standard deviation or CV%).
n Delivery rate (mg/day) Duration of application (day) Cmax (ng/ml) AUCy_¢, (ng/mlh) AUCy_24 (ng/mlh) Tz (00) Reference
12 6 1 2.16 [78] 46.16 [61] 29.42 [66] 18.4 [37] Azzaro et al. (2007)
6 6 1 142+ 4 33.17+£16.56 31.64+15.63 18+£6.93 Rohatagi et al. (1997a,b)

2 EMSAM (matrix); application site: upper torso, thighs, outer arm.

Table 2.5
Pharmacokinetic data for transdermal therapeutic system (TTS) methylphenidate?. Data are presented as mean and inter-individual variability (range).
n Delivery rate Duration of Cmax (ng/ml) AUCy_12 (ng/mlh) Tz () Reference

(mg/h) application (h)
79 10/9h 9 20 145 7.1-8.8 Anderson and Scott (2006)
79 15/9h 9 239 181 7.1-8.9 Anderson and Scott (2006)
79 20/9h 9 30.5 229 7.1-8.10 Anderson and Scott (2006)
79 30/9h 9 46.5 378 71-8.11 Anderson and Scott (2006)

2 Daytrana (matrix); application site: hips.
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Table 2.6
Pharmacokinetic data for transdermal therapeutic system (TTS) nitroglycerin?. Data are presented as mean and inter-individual variability (standard deviation or CV%).
TTS name TTS type n Delivery rate Duration of Cmax (ng/L) AUCy_¢ (ng/Lh) Trmax\(h) Reference

(mg/h) application (h)

Adesitrin Matrix 12 0.4 24 104 +£19 NA 6+4.52 Ponti et al. (1989)
Deponit Matrix 17 0.2 24 255+ 151 NA 3.6+3.5 Wolff et al. (1985)
Minitran Matrix 24 0.75 24 202.5+125 NA 12.2+6.8 Riedel et al. (1989)
NG-Lavipharm Matrix 30 0.4 24 506 +£492 5309 + 2836 10+6 Auclair et al. (1998a)
Nitroderm Reservoir 12 0.4 24 102 +£22 NA 6.8+4.13 Ponti et al. (1989)
Nitro disc Matrix 18 0.4 14 500 6100 +3700 NA Sun et al. (1995)
Nitro-Dur2 Matrix 18 04 14 500 6100+ 4200 NA Sun et al. (1995)
Nitro-Dur1 Matrix 24 0.4 24 383 +269[70] NA NA Noonan et al. (1986)
Nitro-Dur2 Matrix 24 0.4 24 432 +372[86] NA NA Noonan et al. (1986)
Nitro-Dur Matrix 10 0.4 24 100+ 14 NA 2.5+ 1.08 Ponti et al. (1989)
Transderm-Nitro Reservoir 30 0.4 24 478 £500 4793 +2768 845 Auclair et al. (1998b)
Transderm-Nitro Reservoir 18 0.4 14 500 6300 +4800 NA Sun et al. (1995)

a application site: chest, inner side of the upper arm, shoulder.

Table 2.7
Pharmacokinetic data for transdermal therapeutic system (TTS) Nitcotine®. Data are presented as mean and inter-individual variability (standard deviation).
TTS name n Delivery rate Duration of Cmax (ng/ml) AUCy_¢ (ng/mlh)  AUCo24 (ng/mlh) Mrsmesz (10} Reference

(mg/day) application (h)
Habitrol 20 21 24 21+ 72 373.6+128.8 NA 9.84+23 Gupta et al. (1995)
Nicoderm 14 21 24 22.7 £43 5334113 412 £87 9.6+74 Gupta et al. (1993)
Nicoderm 20 14 24 122 £ 29 256 +53 193+39 44421 Gupta et al. (1993)
Nicoderm 39 14 24 13.7 £ 218 277.67 £56.19 221.67 £41.95 5.66+.71 Prather et al. (1993)
Nicoderm 20 21 24 22.8 £48 393.8+£89.1 NA 52+3.1 Gupta et al. (1995)
Nicoderm 10 21 11 16.4 £ 2.9 NA 0-8h:104+ 18 NA Bur et al. (2005)
Nicolan 9 15 mg-3.5 24 8.02 + 1.96 170+ 36.5 NA 7.78+4.27  Bannon et al. (1989)
Nicolan 9 30mg-7 24 171 £ 5.03 310+56.4 NA 7.78 £ 1.86 Bannon et al. (1989)
Nicolan 9 2*30mg 24 289 +9.14 541+99.7 NA 8.22+3.07 Bannon et al. (1989)
Nicorette 12 10/16h 16 915+ 18 155.13+£29.51 NA 13.3+34 Sobue et al. (2006)
Nicorette 12 15/16h 16 20.58 + 7.8 412.27+£193 NA 8.5+4.8 Sobue et al. (2006)
Nicotine-Pharmacia Upjohn 25 15/16 h 16 119 + 3.83 NA 165+ 54 6.5+2.7 Fant et al. (2000)
Nicotine-Novartis 25 21 24 17.6 + 6.39 NA 290+ 108 10+3.7 Fant et al. (2000)
Nicotine-Alza 25 21 24 21.9 + 8.86 NA 328+144 3.8+2.7 Fant et al. (2000)
Nicotinell 10 21 11 16 + 3.4 NA 0-8h:92+16 NA Bur et al. (2005)

2 Application site: upper arm, trunk.

Table 2.8

Pharmacokinetic data for transdermal therapeutic system (TTS) clonidine?. Data are presented as mean and interindividual variability (standard deviation).

n Delivery rate (mg/day) Duration of application (day) Cmax (ng/ml) Css (ng/ml) AUCy; (ng/mlh) Reference

10 0.2 7 .84+.36 NA 124.81+68.9 Ito and O’Connor (1991)
6 0.1 7 NA 0.387+.134 NA MacGregor et al. (1985)
6 0.2 7 NA 0.835+.31 NA MacGregor et al. (1985)
6 0.3 8 NA 1118 £.55 NA MacGregor et al. (1985)

a Catapress (reservoir); application site: upper arms, stomach, hips or buttocks.

Table 2.9
Pharmacokinetic data for transdermal therapeutic system (TTS) Fentanyl®. Data are presented as mean and inter-individual variability (standard deviation).
n Delivery rate (pg/h) Duration of application (h) Cmax (ng/ml) AUC (ng/ml h) e (1) Reference
10 50 72 19+ .3 115+ 19 245+34 Thompson et al. (1998)
8 50 <24 15+ .2 112+£22 28.1+43 Thompson et al. (1998)
22 75 24 15+ 1 NA 24 Grond et al. (2000)
5 50 72 08 + .4 74 + 36 17+7 Grond et al. (2000)
6 50 72 1+.5 126 + 60 20+10 Grond et al. (2000)
28 75 24 19+ .9 NA 24 Grond et al. (2000)
5 75 24 1+.1 34+43 21+6.3 Grond et al. (2000)
40 50 72 14+ .2 76 28 Grond et al. (2000)
40 75 72 1.8 +.1 104 36 Grond et al. (2000)
20 75 72 16+ .5 91+33 32+16 Grond et al. (2000)

2 Duragesic (reservoir); application site: upper arms, back.
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Table 2.10

Pharmacokinetic data for transdermal therapeutic system (TTS) oxybutynin®. Data are presented as mean and interindividual variability (standard deviation).

n Delivery rate Duration of application Cmax (ng/ml) AUCy_4q (ng/mlh) AUCy_g (ng/mlh) Tz () Reference
(mg/day) (day)

NA 3.9 4 3241 245459 NA 48 PDR (2006)

24 3.9 4 4+15 120h:303 £ 119 324+136 48 Zobrist et al. (2003)

13 3.9 3.5 42+1 24h:10.8£2.4 259457 NA Appell et al. (2003)

18 39 4 RP: 1.2+.5;S%: 1.6+ .4 R:85.8+26.4;S:121.4+34 NA 48 Zobrist et al. (2001)

2 Oxytrol (matrix), application site: upper arms, stomach, hips, buttocks.

b R enantiomer.
¢ S enantiomer.

Table 2.11
Pharmacokinetic data for transdermal therapeutic system (TTS) Estradiol®. Data are presented as mean and interindividual variability (standard deviation).
TTS name TTS type n Delivery rate Duration of Cmax (pg/ml) AUCo_; (pg/mlh) Tlisees (L) Reference

(pg/day) application

(day)

Alora Matrix 33 50 35 21.5+94 2871.8+1072.6 NA Buch et al. (1999)
Climaderm Matrix 26 50 7 711 +£27.7 72579 +£1994.4 289+14.8 Baracat et al. (1996)
Climara Matrix 39 100 7 256.4+38.9 18255.3+33.7 NA Harrison and Harari (2002)
Estraderm Matrix 21 50 4 38.9+25.1 3192.1 + 1646 32+11.1 Rohr et al. (1999)
Estraderm Reservoir 20 50 3 52+3.6 2076 £132 48 (24-72) Reginster et al. (2000)
Estraderm Matrix 34 50 4 Cavg:36.9+14.4 3678 &+ 1409 NA Miiller et al. (1996)
Estraderm Reservoir 34 50 4 Cavg:31.1+8.2 3361+858 NA Miiller et al. (1996)
Estradiol-Mylan Matrix 39 100 7 291.9+379 20717.9+35.9 NA Harrison and Harari (2002)
Estradot Matrix-DOT 30 25 3.5 24+9.8 1326.8 +496.5 38+12.2 Hossain et al. (2003a)
Estradot Matrix-DOT 30 37.5 3.5 34.8+12.2 1893 +665.3 325413 Hossain et al. (2003a)
Estradot Matrix-DOT 30 50 3.5 50.1+18.5 2524.8+969.3 28.5+16.8 Hossain et al. (2003a)
Estradot Matrix-DOT 30 100 3.5 96+33.9 53334+ 1946.9 33.7+16.1 Hossain et al. (2003a)
Estradot Matrix-DOT 1 50 3.5 54.8+13.9 3569.4+763.5 34.9+195 Hossain et al. (2003b)
Estradot Matrix-DOT 11 100 3.5 106.2+£35.9 6029.5+2384.6 29.5+19.6 Hossain et al. (2003b)
Evorel Matrix 33 50 3.5 93+44 1870.6 £ 665.05 NA Buch et al. (1999)
Evorel Matrix 30 50 4 49.6 +3.36 2668 +£181.92 21.1+4.46 Reginster et al. (1997)
Fempatch Matrix 24 20 7 23[43] 0-240:2611[38] 41[75] Boyd et al. (1996)
Oesclim Matrix 24 50 4 55.03 +32.67 2982.32 +£1903.12 27.48 +£15.55 Guichard et al. (1999)
Oesclim Matrix 24 100 4 116.84 + 66 6342.22 +4082.15 26.98 £12.71 Guichard et al. (1999)
Menorest Matrix 21 50 4 4754213 3967.8 +1651.8 32413 Rohr et al. (1999)
Menorest Matrix 11 100 3.5 101.6 +£39.1 6068.5 +1762.2 27.3+20.1 Hossain et al. (2003b)
Menorest Matrix 30 50 4 55.7+4.42 3712.4+260.78 41.9+4.89 Reginster et al. (1997)
Menostar Matrix NA 14 7 20.6 2296 42 PDR (2006)
Systen Matrix 20 50 3 41+76 1404 + 156 12 (6-72) Reginster et al. (2000)
Tradelia Matrix 21 50 4 48 +20.3 3737.9+1637.6 32492 Rohr et al. (1999)
Vivelle Matrix 24 50 4 49.38 +35.71 2535.154+1690.54 30.09 +18.52 Guichard et al. (1999)

2 Application site: trunk except breasts and waist.

Table 2.12

Pharmacokinetic data for transdermal therapeutic system (TTS) ethinyl estradiol/levonorgestrel or norelgestromin?®. Data are presented as mean and inter-individual variability
(standard deviation or CV%).

TTS name n Delivery rate (pg/day) Duration of Cmax (pg/ml) AUCo_; (pg/mlh) Ethinyl estradiol Reference
application
(day) Css (pg/ml) Tmax (h)
Climara-pro 43 L:45 E:15 7 46.3 5720 NA NA Harrison et al. (2007)
Climara-pro NA L:45E:15 7 54.3+18.9 6340 + 1740 NA 42 PDR (2006)
OrthoEvra/Evra 29 N:150 EE:20 7 NA 8543 +3488 56.7 +£22.6 NA Zacur et al. (2002)
OrthoEvra/Evra 31 N:150 EE:20 7 76.3 [36.7] 9793 [36.2] Cavg:65.9[35.8] 105.03 [30.9] Devineni et al. (2007)
OrthoEvra/Evra 37 N:150 EE:20 7 66.3+23.9 839142622 54+16.5 48 (36-48) Abrams et al. (2002)
OrthoEvra/Evra 29 N:150 EE:20 7 64.5+21.6 8237 +3047 53+18.7 86.9+48.5 Abrams et al. (2001)
TTS Name n Delivery rate (pg/day) Duration of Cmax (pg/ml) AUC¢ (pg/mlh) Norelgestromin/levonorgestrel Reference
application
(day) Css (pg/ml) Tmax (h)
Climara-pro 43 L:45 E:15 7 194 £ 111 279+191 NA NA Harrison et al. (2007)
Climara-pro NA L:45E:15 7 136 £52.7 2294886 NA 90 PDR (2006)
OrthoEvra/Evra 29 N:150 EE:20 7 NA 123+32.3 830+.210 NA Zacur et al. (2002)
OrthoEvra/Evra 31 N:150 EE:20 7 928 [41.1] 115 [39] Cavg:766 [38.7] 78.7 [28.2] Devineni et al. (2007)
OrthoEvra/Evra 37 N:150 EE:20 7 1170+ 500 150+57.9 990 +.380 72 (48-72) Abrams et al. (2002)
OrthoEvra/Evra 29 N:150 EE:20 7 940+ 320 116 +£43.8 7304270 74.5+31 Abrams et al. (2001)

2 Application site: trunk except breasts and waist.
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Table 3.1
Pharmacokinetic data for Rivastigmine active metabolite (NAP 2260-90). Data are presented as mean and inter-individual variability (standard deviation or range).
Cmax (ng/ml) AUCy_24 (ng/mlh) AUCy_¢ (ng/mlh) Tlrsnez (1) Reference
227 + .84 NA 543+15.1 16(8-28) Lefévre et al. (2007)
1.65 + .6 321+11.5 NA 8(.5-16) Lefévre et al. (2008)
4.05 + 1.6 75.5+28.3 NA 12(0-16) Lefévre et al. (2008)
747 + 3.5 139+574 NA 12(0-24) Lefévre et al. (2008)
9.28 +£3.2 185+67.7 NA 12(.5-16) Lefévre et al. (2008)

each other. Variables with VIF>10 must be excluded from the
analysis.

4.3. Results

Multiple regression anlaysis of Cryax of 10 drugs (excluding fen-
tanyl and clonidine), against physicochemical parameters (Table 4),
yields the following equation as the best fitted model:

Cmax (ng/ml) = 8.625e — 07 HA + 8.231 e — 07 log Kot
—1.22 e — 06HD - 2.58e — 06 (4)

n=10, r=0.974, F=37.45,SD=0.82, p=0.000

In this equation and elsewhere, HA is the total number of
hydrogen bond acceptor groups on the molecule, log Ko is logarith-
mically transformed octanol-water partition coefficient, and HD is
the total number of hydrogen bond donor groups on the molecule.

All predictors had significant (p <0.05) partial effect in the full
model.

Inclusion of molecular weight failed to improve significantly the
statistics of this equation. Furthermore, no linear correlation could
be established between Cihax and MW.

Further inclusion of Abraham’s descriptors (Abraham and
Martins, 2004) in the equation, led to the following model:

Cmax = 6.055e — 07 log Koct + 8.691e — 07HA + 1.075e — 06 V
~1.91e —06E —2.84e — 06 (5)

n=10, r=0.989, F=56.49, SD=0.75, P=0.000

where, V is the McGown characteristic volume in units of
(cm3 mol~1)/100 and E is the solute excess molar refractivity in
units of (cm3 mol~1)/10.

No collinearity was found between the variables in the model
(VIF<2 for all the variables in both models).

Studentized residuals showed a normal distribution according
to Kolmogrov-Smirnov test of normality (p > 0.05).

Unusual leverage values were not found, which confirms that
there is no serious outlier influence in the model.

5. Discussion
5.1. Dose proportionality

Evaluation of relationship between plasma concentration and
the dose administered using different patch sizes has usually
proved the dose proportionality of the systems (Ridout et al., 1988;
Berner and John, 1994; Hossain et al., 2003a,b). Deviations from the
dose proportionality seen for rivastigmine, were less pronounced
with transdermal system application when compared to oral route
of administration (Cummings et al., 2007).

5.2. Anatomical site

Dependency of the extent of skin absorption upon the anatom-
ical application site in human is well known (Wester and Maibach,
1983). The best examples demonstrating the skin permeability
variation at different sites are: scrotal skin which shows five-fold

greater permeability to testosterone compared with other skin
sites, and postauricular region which facilitates scopolamine pen-
etration 20 times more effectively than other areas of the body
(Berner and John, 1994). However several pharmacokinetic studies
show bioequivalence of several anatomical sites after patch applica-
tion: clonidine patch provides similar plasma concentration profile
after application on arm and chest (MacGregor et al., 1985). The
rate and extent of nicotine absorption from Nicoderm® 14 mg/day
were similar after application on upper outer arm, upper back and
upper chest(Gorsline etal., 1992). Abrams et al. showed that plasma
concentrations of norelgestromin and ethinyl estradiol from the
contraceptive patch remain within the reference ranges through-
out the wear period regardless of the application site (Abrams et al.,
2002). Absorption of fentanyl is also the same between the chest,
abdomen and thigh (Grond et al., 2000).

Meanwhile, for rivastigmine, the highest plasma exposure is
provided through the application on chest, upper arm and upper
back rather than thigh and abdomen (Lefévre et al., 2007). Besides,
the findings of Harrison’s study suggest that bioequivalence of the
generic estradiol brand and Climara® at one anatomical site is not
indicative of bioequivalence at another (Harrison and Harari, 2002).

Since various body regions have different sensitivities to drug
application, patch application site is also important to minimize
skin irritation. Skin Inflammation may affect the absorption; when
the application site of methylphenidate patch was inflamed, the lag
time was reduced to less than 1 h, the Cax and AUC were three-fold
higher than normal and the T3¢ decreased to 4h (Anderson and
Scott, 2006). Most of the marketed transdermal patches are to be
used on the trunk, arms, and thighs. However, hips are suggested
for methylphenidate (PDR, 2006).

Most of the marketed transdermal patches are used on the trunk,
arms, and thighs. However, hips are suggested for methylphenidate
(PDR, 2006). The superior therapeutic efficacy of the patches
applied over the particular organ on which the therapeutic effect
is required, has not been proved yet (Tanner and Marks, 2008). The
most important factors in choosing the application site, are adhe-
siveness (e.g. waist area is not suggested for patch application), and
irritation potential (e.g. estradiol patch can be used on buttocks
instead of abdomen to reduce the irritation potential (Berner and
John, 1994). For some drugs such as methylphenidate, rivastigmine,
and selegiline, rotation of the application site has been suggested
in order to minimize irritation (PDR, 2006).

5.3. System design

The membrane-controlled (reservoir) and monolithic (matrix)
systems are the main categories of transdermal systems. Matrix
systems contain a drug reservoir that contacts the skin, whereas
it is located behind a rate control membrane for reservoir systems
(Fig. 1).

A reservoir TTS consists of the following main parts: a reservoir
containing the drug, a backing layer (which mechanically fastens
the whole system and prevents the drug from diffusing in undesired
directions and from loss on storage), a semi-permeable membrane
controlling the drug release form the reservoir, a pressure-sensitive
biocompatible adhesive for mounting the TTS on the skin, and an
antiadhesive layer, the release liner (usually, a siliconized film or



Table 3.2

Pharmacokinetic data for Selegiline active metabolites (N-DMS, R-AMPH, R-METAMPH). Data are presented as mean and inter-individual variability (standard deviation or CV %).

Reference

R-Methamph

R-AMPH

N-DMS

Tmax (h) Ciax (l‘lg/ml) AUCO—cb AUCo-24 Tmax (h)

AUCo24

AUCO—(}J AUC0424 Timax (h) Cmax AUCO—QJ

Cinax

(ng/mlh)
28.92 [19]

(ng/mlh)
93.08 [59]

(ng/mlh)

(ng/mlh)

(ng/ml)

(ng/mlh) (ng/mlh)
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Fig. 1. Schematic structure of transdermal therapeutic systems.

paper protecting the adhesive and preventing the drug from loss
prior to application). The latter film is removed immediately before
application. Several matrix systems are possible: simple matrix
(monolithic) where, drug is dispersed or dissolved in an adhesive
polymer matrix which controls drug delivery; adhesive system,
where, the drug is dispersed in an adhesive polymer matrix, which
controls the drug delivery, and multilayer matrix system, where a
concentration gradient is created by superposition of layers with
various drug concentrations (Vasil’ev et al., 2001; Williams, 2003).
The drug in the reservoir compartment can be in the form
of a solution, suspension, gel, or dispersed in a solid polymer
matrix. Chemical permeation enhancers such as ethanol and propy-
lene glycol (the most widely used) and others such as oleic acid,
azone, dimethyl sulfoxide, 2-pyrrolidone, N-methyl-2-pyrrolidone,
isopropyl myristate, transcutol (ethylcellosolve) and sodium lau-
ryl sulfate have been incorporated in the patch formulations. They
exert their influence on lipids in the stratum corneum as well as on
lower dermal layers and possibly capillary beds (Williams, 2003).
Different types of polymers have been utilized in different lay-
ers of a patch: the release liner is often prepared from polymers
such as ethylene vinyl acetate, coated papers, or from aluminium
foil. Three classes of pressure-sensitive adhesives (PSA) are used:
acrylate-based adhesives which are sensitive to pressure even with-
out special additives like tackifiers or stabilizers, polyisobutylene
(PIB) adhesives with less tack but high flexibility, and polysilox-
ane adhesives (Vasil’ev et al., 2001). Numerous materials can be
used for the backing layer: for a small patch, the occlusive polyethy-
lene, polyester or polyurethane backing may be selected. However,
some water vapor transmission is desirable for larger patches to be
worn for extended times, and so less occlusive polyvinylchloride
films can be used (Williams, 2003). The design and material of the
reservoir or a matrix containing the drug determine the release
pattern. Polyvinyl pyrrolidone and polyvinyl acetate are among
the most widely used matrix polymers. Diffusion of the perme-
ant through a polymer matrix is also controlled by the degree of
polymer cross-linking and by the level of hydration in the gel. For
the reservoir systems, the release membrane can be prepared from
a co-polymer of ethylene acetate with vinyl acetate. The propor-
tion of vinyl acetate can affect the rigidity of the film and release
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Table 3.3

Pharmacokinetic data for nitroglycerin active metabolites (1,2-GDN and 1,3-GDN). Data are presented as mean and inter-individual variability (standard deviation or range).

1,2-GDN 1,3-GDN Reference

Ciax (ng/L) AUCO—q) (ng/Lh) Tmax (h) Cmax (ng/L) AUCO—dJ (ng/Lh) Tmax (h)

3424+ 1109 NA 9+4 515+ 161 NA 9+4 Auclair et al. (1998a)

3011 £ 1109 NA 11+6 522 +188 NA 8+5 Auclair et al. (1998b)
3500 44600 + 15800 NA 700 9300+2900 NA Sun et al. (1995)
3500 44300 + 16100 NA 700 9700+ 2900 NA Sun et al. (1995)
3500 42800+ 19300 NA 701 870043000 NA Sun et al. (1995)

Table 3.4

Pharmacokinetic data for oxybutynin active metabolite (N-desethyl oxybutynin). Data are presented as mean and inter-individual variability (standard deviation).

Cimax (ng/ml) AUCo-4q (ng/mlh) AUCq_g, (ng/mlh) Tmax (h) Reference

NA NA NA NA PDR (2006)

5.8+29 448 +240 504 +311 48 Zobrist et al. (2003)

49+2 24h:13.4+4.7 321+114 NA Appell et al. (2003)

R:1.2+.5;S:14+.7 R:83.9+43 S:101.1 £ 52.6 NA 48 Zobrist et al. (2001)

Table 3.5

Pharmacokinetic data for estradiol active metabolite (estrone). Data are presented as mean and inter-individual variability (standard deviation).

Cmax (pg/ml) AUCo (pg/mlh) Tmax (h) Reference

NA NA NA PDR (2006)

10.5+5.8 558.8 +£367.9 54.94+19.6 Hossain et al. (2003a)
15.2+6.5 852.3+426.1 54.8+20.2 Hossain et al. (2003a)
21.8+10.1 1194.44+559.4 52.84+20.8 Hossain et al. (2003a)
41+£16.7 2380+£1072.5 58.8+15.2 Hossain et al. (2003a)

75.6 £15.1 4661.8+995.9 58.9+12.5 Hossain et al. (2003b)

97 £27 6270.5+ 1777 45.8 £22 Hossain et al. (2003b)
98.3+£21.2 6293.9 & 1406.5 48+18.6 Hossain et al. (2003b)
101.2+52.5 9940.4 + 59 NA Harrison and Harari (2002)
98.7+404 10075.6 £56.8 NA Harrison and Harari (2002)

properties. Microporous release membranes such as cellulose ester
films may also be used as the rate-limiting membrane (Vasil’ev et
al., 2001; Williams, 2003).

Reservoir systems are mainly designed to shift the control
of drug absorption rate to the delivery system rather than the
skin. In theory, this may reduce interindividual variation if drug
release from the system - through the rate control membrane -
is much slower than permeation through the skin. However, in
practice, membrane-controlled systems have less contribution in
drug flux control. That is mostly because of drug partitioning into
the adhesive layer during storage, which results in high initial
release of the drug during the first hours of application (Berner
and John, 1994). Meanwhile, presence of ethanol as an absorp-
tion enhancer in the reservoir causes pronounced fluctuations in
plasma concentration-time profile of the drug, as shown for estra-
diol: in the immediate phase following TTS application, alcohol
depletes rapidly, which leads to drug saturation. Estradiol con-
centration gradient becomes the prominent mechanism of drug
flux. Finally, ethanol depletion reduces transdermal estradiol deliv-
ery. This explains the typical plasma concentration-time profile of
estradiol reservoir TTS: an initial gradual increase during the first 2
days, reaching a maximum on day 2 or 3, and declining thereafter.
Drug is released in a time-dependent manner from matrix systems
(cumulative mass vs. square root of time are linear) and shows less
fluctuations of the plasma estradiol level. Although the bioequiva-
lence of the matrix and reservoir systems have been shown in terms
of extent of absorption, the profiles of estradiol release and absorp-
tion rate are different, which is not expected to affect the clinical
efficacy (Miiller et al., 1996; Reginster et al., 2000).

Alcohol-enhanced membrane-controlled transdermal fentanyl
and nitroglycerin have reduced the variation in skin drug perme-
ation by 50% (Berner and John, 1994; Grond et al., 2000).

When, as is the usual case, the skin is the rate-limiting barrier to
drug permeation, the burst effect associated with the patch mem-

brane is negligible. But, in case of patch-controlled permeation, the
initial burst from the patch membrane can decrease the lag time
and allow more rapid drug absorption. This has been considered
in scopolamine reservoir TTS design, which shortens the lag time
from 2.6 h to 1.6 h (Berner, 1985).

5.4. Duration of application

The total drug amount absorbed from a patch is a function of
patch surface area and the delivery rate. Because of the limitations
of a loading dose in a patch and a practical patch size, a good per-
meant should have a flux in the region of 1 mg/cm?/day (Williams,
2003).

The real duration of operation of an applied TTS is related to
the time required to attain a stationary rate of drug release into
the blood stream. The latter time, which depends on the chemical
structure of the drug, its elimination half life, the epidermis hydra-
tion rate, and the rate of drug metabolism, varies from half an hour
(e.g., for nitroglycerin) to a few days (clonidine). Hence, the usual
TTS application time ranges from 1 day to 3-4 days. If the TTS is
rapidly (within 2-3 h) replaced by a new one, the stationary drug
supply to blood is not halted and the process may be continued
for a long time depending on medical indications (Vasil’ev et al.,
2001).

Along with the pharmacokinetic properties of a transdermal
drug which determines its application period, there are few param-
eters that may also interfere with the time period that a patch can
remain on the skin: Skin irritation, is an important cause of abrupt
patch withdrawal for several drugs. Methyl phenidate, selegiline,
clonidine, and rivastigmine are potential skin irritants. However,
nature of adhesive materials, occlusion provided by the TTS and
presence of chemical enhancers, may increase the risk of skin sensi-
tization which can limit the application period (Anderson and Scott,
2006).
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Table 4

TTS systems considered in the analysis, their dose-normalized Crnax, and physicochemical descriptors.

TTS name Dose-normalized Cpax (ng/ml) MW (g/mol) log Koct E? sh HAC HD4 Ve

TD Scop 1.4E-06 303.35 1.24 1.686 2.03 5 1 2.2321
Oxytrol 3.72E-06 357 4.3 1.52 1.41 4 1 3.0091
Androderm 8.21E-07 288.42 3.32 1.54 2.59 2 1 2.3827
Catapress 2.94E-05 231 0.53 1.6 1.5 3 2 1.5317
Exelon 9.49E-07 250.34 1.98 0.95 1.45 3 0 2.1176
OrthoEvra/Evra 1.96E-08 327.46 4 2.08 2.7 3 2 2.6783
Climara-pro 4.31E-10 312.44 3.11 1.9 2.84 2 1 2.5785
Daytrana 1.67E-06 233.31 3.65 1.01 1.77 3 1 1.9092
Duragesic 1.27E-03 336.5 4.05 1.83 1.75 2 0 2.8399
EMSAM 2.98E-07 187.3 2.7 0.866 1.01 1 0 1.7166
Climaderm 2.03E-10 272.39 4.01 1.8 1.74 2 2 2.1988
Climara 3.66E-10 272.39 4.01 1.8 1.74 2 2 2.1988
Alora 1.5E-06 272.39 4.01 1.8 1.74 2 2 2.1988
Estraderm 1.73E-09 272.39 4.01 1.8 1.74 2 2 2.1988
Estradiol-Mylan 4.17E-10 272.39 4.01 1.8 1.74 2 2 2.1988
Estradot 3.5E-09 272.39 4.01 1.8 1.74 2 2 2.1988
Evorel 3.97E-10 272.39 4.01 1.8 1.74 2 2 2.1988
Fempatch 1.64E-10 272.39 4.01 1.8 1.74 2 2 2.1988
Menorest 3.93E-09 272.39 4.01 1.8 1.74 2 2 2.1988
Menostar 1.03E-08 272.39 4.01 1.8 1.74 2 2 2.1988
Oesclim 2.34E-09 272.39 4.01 1.8 1.74 2 2 2.1988
Systen 2.73E-10 272.39 4.01 1.8 1.74 2 2 2.1988
Tradelia 3.84E-09 272.39 4.01 1.8 1.74 2 2 2.1988
Vivelle 2.47E-10 272.39 4.01 1.8 1.74 2 2 2.1988
Habitrol E-06 162.23 1.17 0.865 0.88 2 0 1.371
Nicoderm 8.81E-07 162.23 1.17 0.865 0.88 2 0 1.371
Nicolan 5.29E-07 162.23 1.17 0.865 0.88 2 0 1.371
Nicorette 1.24E-06 162.23 1.17 0.865 0.88 2 0 1.371
Nicotine-Alza 1.04E-07 162.23 1.17 0.865 0.88 2 0 1.371
Nicotinell 3.81E-07 162.23 1.17 0.865 0.88 2 0 1.371
Nicotine-Novartis 8.38E-07 162.23 1.17 0.865 0.88 2 0 1.371
Nicotine-Pharmacia Upjohn 7.93E-07 162.23 1.17 0.865 0.88 2 0 1.371
Nitro disc 1.75E-05 227.11 1.62 0.494 2.04 9 0 1.23
Nitroderm 6.12E-06 227.11 1.62 0.494 2.04 9 0 1.23
Nitro-Dur 6E—06 227.11 1.62 0.494 2.04 9 0 1.23
Nitro-Dur 1 2.23E-05 227.11 1.62 0.494 2.04 9 0 1.23
Nitro-Dur2 2.17E-05 227.11 1.62 0.494 2.04 O 0 1.23
Minitran 6.48E—07 227.11 1.62 0.494 2.04 9 0 1.23
NG-Lavipharm 3.03E-05 227.11 1.62 0.494 2.04 9 0 1.23
Transiderm-Nitro 2.13E-05 227.11 1.62 0.494 2.04 9 0 1.23
Adesitrin 6.24E—-06 227.11 1.62 0.494 2.04 9 0 1.23
Deponit 3.06E-05 227.11 1.62 0.494 2.04 9 0 1.23

abeAbraham'’s descriptors are cited data of Abraham and Martins (2004); 2excess molar refractivity (cm3 mol~')/10; Pdipolarity/polarizability; “dnumber of hydrogen bond
acceptor and donor groups on the molecules (taken from pubchem database: www.ncbi.nlm.nih.gov); €McGown characteristic volume (cm? mol~1)/100.

Acute toxicity can also be a reason for abrupt patch removal
for some drugs with a relatively narrow therapeutic window (e.g.
fentanyl). This is of concern in special population such as children
or elderly, where variable rates of permeation and metabolism are
more prominent.

5.5. Metabolism

Although bypassing hepatic metabolism remains an important
rationale for transdermal drug delivery, after penetration through
stratum corneum, substances may be subjected to the metabolic
properties of the viable epidermis. Metabolism of the chemical
may result in significant modification of the molecule in terms of
reduced or increased pharmacological and/or toxicological activity
(Wester and Maibach, 1983).

Examples of cutaneous metabolism of drugs include steroids
(estradiol, progesterone, testosterone) and nitroglycerin. In most
cases metabolism is reduced compared to the oral administration,
as it has also been demonstrated for stereoselective metabolism
of oxybutynin, and for selegiline (Rohatagi et al., 1997a,b; Zobrist
et al.,, 2001). For rivastigmine, although the extent of cutaneous
metabolism is shown to be negligible (Tse and Laplanche, 1998),
the plasma concentration profile of the main metabolite (NAP 226-
90) correlated with the anatomical application site of the patch:

when the patch is applied on the chest, upper back and upper arm,
the greatest AUC was obtained for both the parent molecule and
the metabolite (Lefévre et al., 2007).

Regional variations in cutaneous metabolism may cause dif-
ferences in drug bioavailability, as it is known for scrotal and
non-scrotal application of testosterone transdermal system, where,
the former results in increased systemic dihydrotestosterone con-
centration (Berner and John, 1994). Meanwhile, some excepients
(e.g. permeation enhancers) in patch formulations affect skin
metabolism. This can be explained through the inhibition or induc-
tion of enzymatic activity by these chemicals (e.g. inhibition of
nitroglycerin and estradiol metabolism by alcohol). Another expla-
nation would be the effect of the permeation enhancers such as
alcohol, oleic acid, triolein, etc. on flux of the drug from the system
which also may alter the rate and extent of metabolism (Berner and
John, 1994). Therefore, the system characteristics might be consid-
ered as a potential reason for inter- and intra-individual variations
in metabolism and bioavailability of transdermally administered
drugs.

5.6. Interindividual variations

The main advantage that transdermal drug delivery possesses
over oral dose regimens is avoiding the variability associated with
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Fig. 2. Inter-individual variation of Cnax in different routes of administration of
drugs. (a) Oral mean CVs are calculated from the reported mean and standard devi-
ations in the following references: Oxybutynin: Appell et al. (2003); Zobrist et al.
(2001); estradiol: Amory et al. (2008); testosterone: Amory et al. (2008); rivastig-
mine: Lefévre et al. (2008); gestagens: Sambol et al. (2006); clonidine: Fujimura et
al. (1994); selegiline: Azzaro et al. (2007); nitroglycerin: Yu et al. (1988). (b) Smok-
ing CV is calculated mean value from the reported mean and standard deviations
in the following references: Gupta et al. (1995); Sobue et al. (2006). (c) IV INF CV is
calculated from the reported mean and standard deviation in: Burlacu et al. (2007).

the gastrointestinal tract (effects of pH, motility, transit time and
food intake). Nevertheless, in general drug permeation through
human skin at a selected skin site can vary from 46% to 66% among
individuals (Grond et al., 2000).

In order to study the variations, we chose transdermal patches
rather than a volatile solvent vehicles (such as acetone) (Feldmann
and Maibach, 1970) or a semi solid (cream/ointment), as the for-
mer provides: (1) fixed dose; (2) relatively abrupt removal (except
for skin reservoirs); and (3) their relative freedom from other pen-
etration steps: volatility (evaporation of the active); rub removal.
Further, these systems are near or at maximum thermodynamic
activity (saturation).

Examining the transdermal pharmacokinetic literature, almost
all measurements reported in terms of means and standard devi-
ation referring to data from different individuals. Here, mean
coefficient of variation (CV) of Cnax was calculated for transder-
mal drugs. The mean CV of values reported from several resources
ranges from 26% (for nicotine) to 53% (for nitroglycerin) (Fig. 2,
Table 5).

The mean CV of Cax is also calculated for the oral dosage form of
these drugs (For fentanyl and nicotine CV of Cphax after intravenous
infusion and smoking is reported, respectively.) The CV values from
non-transdermal routes of administration range from 12.3% (for
clonidine) to 202% (for testosterone) (Fig. 2).

Table 5

Cmax coefficient of variation and physicochemical data of drugs.

Drug Mean CV (%) MwP log Koct©
Nicotine 25.82 162.23 1.17
Fentanyl 30.40 336.5 4,05
Oxybutynin 31.85 357 43
Estradiol 35.70 272.39 4.01
Testosterone 38.33 288.42 3.32
Rivastimine 41.24 250.34 1.98
Norelgestromine 42.80 327.46 4
Levonorgestrel 42.80 312.44 2.97
Clonidine 42.90 231 0.53
Selegiline 53.08 187.3 2.7
Nitroglycerin 59.20 227.11 1.62°

2 Each value is a mean of CV calculated for Cnax values reported in different
resources.

b Molecular weight (g/mol).

¢ Logarithmically transformed octanol-water partition coefficient are cited data
of Hansch et al. (1995).

" Value reported for the neutral form.

The main factors controlling the interindividual variation in
transdermal drug delivery can be categorized to four groups:

5.6.1. Study design and methodology
5.6.2. General subject factors

5.6.3. TTS system design

5.6.4. Kinetic variations of drug molecules

5.6.1. Study design and methodology

Design of crossover studies including subject randomization,
treatment and wash out periods and sample size can affect the
results obtained from different studies.

Meanwhile, different sensitivity, precision and robustness of dif-
ferent analytical methods should also be considered as a source of
interindividual variations.

For some unstable drugs (such as nitroglycerin), standardization
of the sampling procedure is essential to obtain reliable and less
variable results.

5.6.2. General subject factors

Besides the genetic aspects of variations between individuals in
absorption and metabolism of drugs, ethnicity, age, gender, body
weight, compliance, general health and skin condition are among
the main subject parameters affecting the plasma concentration
profile of transdermally delivered drugs:

5.6.2.1. Age. Among the drugs administered transdermally, fen-
tanyl’s pharmacokinetics has been studied extensively in different
age groups (ages 6-75 years) (Grond et al., 2000). Plasma profile
at steady state was similar between children (ages 7-18 years) and
adults, although the interindividual variability in kinetics was less
in children. There were no marked differences found in Cphax and
AUC of elderly and adult group. However, the data suggest a longer
delay and decay in the elderly patients (Grond et al., 2000).

Even though the effects of aging on barrier qualities of skin affect
drug permeation, the variability could also be explained by differ-
ences in cytochrome p-450 3A4 activity in population of patients
covering a wide age range (Solassol et al., 2005).

Renal function decreases with age, which might also increase
interindividual variation, as shown for some topically applied
lipophilic drugs (Roskos and Maibach, 1992).

5.6.2.2. Gender. Although there are significant differences in the
general appearance of skin and the distribution of hair follicles
between males and females, there is no convincing evidence to
suggest major differences in barrier function (Tur, 1997).

Pharmacokinetic study of nicotine, demonstrated the higher val-
ues for apparent nicotine elimination rate constants in women
(Prather et al., 1993).

Greater subcutaneous lipid in women compared with men could
be hypothesized to affect transdermal drug delivery but it has not
been confirmed. In general, bioavailability and protein binding do
not appear to be significantly affected by gender (Schwartz, 2003).

Further studies are needed to address the gender effect on the
efficiency of transdermal drug delivery.

5.6.2.3. Other. Formation of skin depot and duration of its effect
varies in different subjects. This is known to cause interindividual
variations in plasma concentration profile of clonidine after sys-
tem removal: as for some subjects the plasma concentration rises
whereas others decline (MacGregor et al., 1985). As CV of oral and
transdermal clonidine are presented in Fig. 2, that is the only case
where CV of transdermal route dominates the oral. The possibility
of skin depot formation and related inter-subject variations should
be considered in interpretation of this finding.
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Fig. 3. Correlation of inter-individual variation and molecular weight of nine drugs.

Local blood flow is considered as a limiting factor for the
exchange rate of transdermally applied nicotine. This explains the
increased drug release from the TTS during exercise (Bur et al.,
2005). Although under normal physiologic conditions, blood flow
to and from the skin site of application has little influence on the
rate of fentanyl absorption (Gupta et al., 1992).

Obesity could decrease the plasma level of transdermally admin-
istered nicotine in a study of 12 male subjects. However, in large
clinical trials body weight had no effect on drug disposition (Prather
et al., 1993).

5.6.3. TTS system design

As mentioned above, the membrane-controlled systems may
reduce interindividual variation if the system is the rate controlling
barrier rather than the skin. Alcohol-enhanced membrane-
controlled transdermal systems have reduced the interindividual
variation for fentanyl and nitroglycerin by 50% (Berner and John,
1994; Grond et al., 2000).

5.6.4. Kinetic variations of drug molecule

Nitroglycerin pharmacokinetic in humans after an intravenous
infusion is characterized by high intra/inter-subject variation (Sun
et al., 1995). For oral nitroglycerin, the coefficient of variation of
Cmax is around 112% (Fig. 2). These high variabilities in clearance
may be due to apparent extensive tissue distribution and rapid
plasma clearance. The same trend is seen for transdermal route,
which may explain the highest mean CV value observed in this
study compared to the other drugs (Fig. 2, Table 5).

High degree of variability in selegiline pharmacokinetic data
after oral administration is attributed to the extensive rate of hep-
atic first pass metabolism (>90%) (Fig. 2). The avoidance of first pass
effect following transdermal application, reduced the variability in
selegiline exposure by 50% (Azzaro et al., 2007), though the mean
CV of Cmax remains high (53%). The same explanation might also be
true for differences in CV values observed for oral and transdermal
estradiol and testosterone (Fig. 2).

Finally, the variations of clonidine and fentanyl plasma concen-
tration have been primarily attributed to interindividual variations
in drug clearance, because similar interindividual variability is
achieved during continuous intravenous infusion. However, it is
partly due to different skin permeability (MacGregor et al., 1985;
Gupta et al.,, 1992; Grond et al., 2000).

Since the absorption, disposition and clearance of the drugs are
a function of physicochemical properties of their molecules, the
correlation between mean Coefficient of variation (CV) in Cpax
of drugs and their molecular weight (MW) and log Ky (loga-
rithmically transformed octanol-water partition coefficient) was
evaluated (Table 5, Figs. 3 and 4). Chax is selected as the most consis-

tently reported parameter for all of the drugs, and as an important
pharmacokinetic marker of plasma concentration profile.

Excluding nicotine (MW: 162.23; log Koct: 1.17), there appeared
to be a significant negative correlation between CV and MW. (Pear-
son correlation coefficient: —0.806; p-value <0.01) That means in
the range of MW: 200-400 g/mol, by increasing molecular weight,
interindividual variation in Chax of the drugs decreases (Fig. 3).

On the other hand, after exclusion of nicotine (MW: 162.23;
log Koct: 1.17) and clonidine (MW: 231; log Koct: 0.53) a negative
correlation was established between mean CV and log Kot (Pear-
son correlation coefficient: —0.844; p-value<0.01). Thus in the
range of log Koct: 1.6-4.3, increase of lipophilicity results in reduced
interindividual variation of Cpax (Fig. 4).

Therefore, it can be hypothesized that for small and hydrophilic
molecules in the mentioned range, higher degree of interindivid-
ual variation is expected. This could be explained by higher skin
permeability, volume of distribution, and clearance for this type of
molecules, which make the effect of subject variation during each
process, even more prominent.

These findings support the effect of kinetic variations on general
interindividual differences observed in plasma concentration after
transdermal drug delivery.

Evaluation of CVs for different brands of each drug revealed that
no significant correlation could be found between CV and system
delivery rate and application period.

Taken together, the plasma concentration profile for TTS is a net
result of the system performance and drug absorption and elimi-
nation. Thus, the variability in plasma concentration is a function
of variability of each process involved, at least in theory.

5.7. Predictive models

The models obtained here, suggest the possibility of a determi-
nant correlation between Cphax of transdermally administered drugs
and their molecular properties. Models were developed based on
the available data for all the pharmacokinetically studied marketed
drugs except fentanyl and clonidine, which showed exceptionally
high Cphax values.

As this trial evaluates the relationship of in vivo absorption data
of transdermally applied drugs with their structural features, a
small data set was available. Although this may reduce the pre-
dictive power of the model for further molecules, correlations are
evaluated for a relevant data set which is corresponded to a group
of drugs with proved clinical efficacy after transdermal absorp-
tion.

According to the standardized partial regression coefficients, the
number of hydrogen bond acceptor groups (HA) has the largest con-
tribution in predicting Cnax in both equations, in the context of

70
60 4 *
E
50 4
4 *
= 40
5
30 1 y = -8.6075x + 68.57 ¢
¥ J
20 | R?=0.7119
10 4
0 T T T T T T
1 1.5 2 2.5 3 35 4 4.5
IOg Kocl

Fig. 4. Correlation of inter-individual variation and log K¢ of eight drugs.



S. Farahmand, H.I. Maibach / International Journal of Pharmaceutics 367 (2009) 1-15 13

the other predictor variables in the model. This finding is in accor-
dance with the previous studies, where HA was determined to be
a main parameter in predicting permeability coefficient (Cronin et
al., 1999; Abraham and Martins, 2004). Egs. (4) and (5) disclose that
the Cnhax is positively correlated to the HA. Lipinski et al. proposed
that large number of hydrogen bond acceptor sites may poten-
tially delay skin permeation. Poor absorption or permeation is more
likely when there are more than five hydrogen bond donors or ten
hydrogen bond acceptors present on the molecule (Lipinski et al.,
2001).

The issue is complicated further if the composite nature of
log Koct is considered, because it contains a degree of informa-
tion regarding hydrogen bonding. Although no proven collinearity
of variables was detected in the adopted models in the present
study, there could be found a poor insignificant correlation between
log Koct and HA (r: —0.361, p > 0.05); the poor correlation coefficient
does not demonstrate that log Ko and HA are independent.

If Cmax was just an indication of drug permeation rate, a negative
correlation between Crpax and HA could be expected. The positive
correlation of HA and Cpax (Eqs. (4) and (5)) suggests considering
Cmax as a complex parameter composed of absorption and elimina-
tion. If a high number of hydrogen bonding acceptor groups can
impede the skin permeation, its effect on the clearance process
should also be noted. The affinity of the drugs to body fluids which
affects the volume of distribution is partly related to their molecu-
lar properties, such as hydrogen bonding. Assuming a linear single
compartment model, the total amount of drug in the blood may be
expressed as:

ds
dt
where, k is the sum of the various elimination rate constants, A is
the patch area, and J is the flux of drug across the skin (Berner,
1985). Increased number of hydrogen bond acceptor groups, may
decrease the J, but may increase the k .Therefore, its net effect on
blood concentration should be noted.

Moreover, the effects of hydrogen bonding capacity on protein
binding and metabolism may also interfere with plasma concen-
tration.

Predictivity of the permeation models based on physicochem-
ical properties of molecules such as MW and logKoct has been
questioned by the fact that they give little information as to the
actual structural features of solutes that influence skin permeabil-
ity (Abraham et al., 1995). The following equation was suggested
for prediction of log Kot from molecular properties:

=—-kxS+Ax] (6)

log Koct = 0.088 + 0.562 R, — 1.0547H 4 0.034 Zaff
-3.46 X84 + 3.814V; (7)

where, R, is an excess molar refraction, ng is the solute dipolar-
ity/polarizability, 204’2’ and ¥ ﬂg’ and are the overall hydrogen bond
acidity and basicity, and Vi is the McGown characteristic volume.

Therefore, a criticism of Eq. (5) could be that log Kot (as a pre-
dictive variable in this equation) may found to be collinear with the
other equation variables.

Although Eq. (5) could show the effect of molecular size on the
Cmax, inclusion of molecular weight in Eq. (4), failed to result in a
significant correlation. Again, the complexity of Cnax as an indica-
tor of absorption and elimination, and/or narrow range of molecular
weights of studied compounds (162-357), could explain this find-
ing. In Barratt’s predictive model for skin permeability coefficient,
melting point is included as an independent variable in addition to
the log Koct and molecular volume (Barratt, 1995).

Inclusion of melting point in Egs. (4) and (5), failed to improve
the statistics of the Eqgs. (4) and (5). Further, no linear correla-
tion could be established between Cpnax and the melting point.

40
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Fig. 5. Two-segmental linear correlation of Crax and log Ko for eight drugs.

It has been known that melting point is a composite parameter
that describes the propensity to accept or donate hydrogen bonds
(Cronin et al., 1999). Thus, the effect of melting point is implied in
the hydrogen bonding term of the suggested models (Eq. (4) and
(5))

Note when Cnax was plotted against log Ko, is the two segment
linear correlation of Cmax and log Kot (2 =0.984, p<0.05) (Fig. 5).
The outliers were clonidine, fentanyl and nitroglycerin, with high
Cmax values and estradiol with low Cpax value. This significant pat-
tern of correlation, suggests that log Kot =3 is an inflection point
below which log Ko is negatively correlated with Cphax, and above
that, there is a positive correlation between Cpax and log Koct. If
log kp (skin permeability coefficient) was considered as the only
parameter determining Crax, then according to Potts and Guy equa-
tion (Eq. (1))—which is applicable in the range of —3 <log Koct <6,
there should be a direct linear correlation between Cpax and
log Koct. This contrast, supports the fact that effects of physicochem-
ical parameters on Cpayx, are expressed through different in vivo
processes responsible for observed plasma concentration profiles
(e.g. absorption, clearance, metabolism, etc.).

6. Future challenges

In the past 30 years, transdermal drug delivery has moved from
a clinical reality, to the point where it represents a viable way of
delivering a number of drugs with the potential to deliver many
more using several enhancement approaches. Further research will
be aimed to improve transdermal device design and enabling com-
mercialization of intelligent TTS including feedback loops, synthesis
and development of more efficient penetration enhancers, better
understanding skin irritation, immunology, and metabolism, and
improving fluxes for a wide variety of molecules. Recently, some
evidence suggests that skin epithelial cells contain biochemical bar-
rier systems such as influx and efflux pumps which could effect
skin penetration of some substances (Schiffer et al., 2003). Further
studies are suggested for clarification of clinical implications of skin
active transporters, since these findings may evolve the transder-
mal drug delivery approaches in future.

Prediction of the in vivo blood concentration has become
increasingly important in the development of transdermal thera-
peutic systems. Development and validation of QSPR models which
consider the vehicle effect and use in vivo endpoints would be an
economic alternative for costly and time-consuming in vitro and in
vivo skin permeation studies.

7. Conclusion

The design of transdermal delivery systems was based on
a hypothesized therapeutic rationale and knowledge of the
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pharmacokinetics of the individual drugs. Characterization and
optimization of these systems and their pharmacokinetic profile
is still required.

Interindividual variation in pharmacokinetics remains an
important challenge in transdermal drug delivery. Our results
suggest increased interindividual variability by decreased MW
and logKoct values, in the range of 200<MW<400 and
1.6 <log Kot <4.3. This could be explained by augmented vulner-
ability of smaller and more hydrophilic molecules in this range
to permeation and elimination, the main sources of inter-subject
variability.

In an attempt to develop a predictive model for maximal plasma
concentration (Cpax) based on physicochemical characteristics of
drugs, two statistically significant empirical equations were estab-
lished for 10 molecules. The results demonstrated that the number
of hydrogen bond acceptor groups (HA) has the largest contribu-
tion in predicting Crax in both of the equations, in the context of
the other predictor variables in the model.

These findings emphasize that the plasma concentration profile
for TTS is a net result of the system performance and drug absorp-
tion and elimination. Thus, the variability in plasma concentration
is a function of variability of each process involved. This should be
noted in explanation of effect of molecular features of drugs on their
plasma concentration profile.

Further theoretical evaluations are needed to confirm the power
of suggested models in predicting in vivo parameters from the
drugs structure. Meanwhile, detailed comparison of interindividual
pharmacokinetic variability between TTS and other routes of drug
administration can elucidate the possible correlation of interindi-
vidual variability and physicochemical characteristics of drugs. This
will give insights for the future challenge of transdermal drug deliv-
ery: designing drugs with low variability. This in vivo human data
provides an anchor for further examination of predictive models
based on in vitro data.
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