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similar to those published by Duggan et al. (9). Therefore, our
results from the cutaneous and oral administration are essen-
tially in agreement with the metabolic pattern reported by
others for intravenous, oral and rectal routes, which suggests
that the metabolism of indomethacin is independent of the
route of administration.
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Abstract: The current success of transdermal nitroglycerin delivery
systems has focussed much attention upon the skin as a portal of drug
entry into the systemic circulation. Although there are multiple
potential problems associated with this administration route to elicit
central effects, considerable efforts are being made to identify trans-
dermal drug delivery candidates and to determine whether a sufficient
percutaneous input rate can be achieved such that therapeutic levels in
the biophase may be maintained. The purpose of this work is to
develop a physically-based kinetic model of percutaneous absorption,
which includes delivery system input. Both zero-order and first-order
situations are considered and the model is employed to analyze nitro-
glycerin plasma concentration vs. time data following transdermal
delivery both from a controlled-release patch and from an ointment.
The kinetic model includes rate parameters which relate to drug trans-
port across the stratum corneum, to further diffusion across the viable
epidermis and to the competition for substrate between these two
layers of skin tissue. We show how these kinetic constants may be
determined physicochemically and used, in conjunction with desig-
nated (delivery system) input rates and established systemic elimina-
tion kinetics, to predict plasma concentrations as a function of time.
The agreement with human in vivo data for nitroglycerin, delivered
from either a patch or a more conventional vehicle, is good and
suggests that the simulation proposed may enable facile estimation of
the feasibility of transdermal drug delivery.

The delivery of drugs via the skin to elicit systemic effects is
attractive for many reasons (1-3). For example, hepatic first-
pass metabolism may be circumvented, a steady, sustained
plasma concentration of drug may be maintained, dosing
frequency and dose magnitude may be reduced and, conse-
quently, fewer side-effects and better patient compliance may
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be expected. Furthermore, a properly designed delivery device
should lead to lower inter- and intra-patient variation, and a
topical system has the unique advantage of permitting rapid
termination of therapy in problematic situations. Of course,
transdermal delivery also has limitations: the drug must be
pharmacologically potent (normal daily dose requirements of a
few milligrams or less) because the skin is a very good barrier to
chemical ingress; thus the compound must be absorbable to
some extent and its chemical properties should include, there-
fore, (1) a moderate molecular weight (in the order of 1000 dal-
tons or less) and (2) reasonable oil and water solubility (ca.
1 mg/ml).

Transdermal delivery of nitroglycerin (GTN) is presently
the most successful example of this mode of drug administra-
tion (4-6). In the U.S., three GTN devices are commercially
available and are in competition with sublingual and ointment
formulations of the vasodilating drug. The relatively recent
acquisition of GTN pharmacokinetic data has allowed favor-
able conclusions pertaining to the efficacy of transdermal
delivery to be drawn. Of the three marketed devices, two are of
the matrix variety, the other is multi-laminate and includes a
“rate-controlling” membrane. The degree of rate-control
afforded by this membrane has been comprehensively defined
in a recent paper by Good (4).

The purpose of the work described here is to present a novel
analysis of GTN pharmacokinetics following transdermal
delivery. The approach employs a physically based kinetic
model of percutaneous absorption, the details and certain
applications of which have been reported elsewhere (7-9). We
make use of the in vitro and in vivo release characteristics,
which have been described for the membrane-modulated GTN
device (4, 10), and, where possible, compare the derived
behavior to that expected and shown by the conventional
ointment preparation. We show that the proposed kinetic
model is able to simulate very adequately the observed in vivo
disposition of GTN. The model accomplishes this correlation
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by estimating transdermal Kkinetic parameters from phy-
sicochemical principles alone. It follows, therefore, that the
theoretical rationale may be used predictively to identify
candidates for transdermal delivery and to establish optimum
release characteristics for the system employed.

The Model

The pharmacokinetic model is shown schematically in
Figure 1. The respresentation involves extension of the simu-
lation proposed by Guy et al. (7) to include zero-order (k°) or
first-order (k') release to the skin surface from the applied
formulation (e.g., patch or ointment). Furthermore, in the
discussions presented here, we shall use the approach to
determine plasma levels of penetrant rather than urinary
excretion rates [the focus of most of the earlier applications of
the model (7, 8)].

DELIVERY STRATUM VIABLE
SYSTEM , CORNEUM EPIDERMIS 8LOOD =
Ky
" K
KOII 2
< ———*
Kg s K,
Ky —_—

Fig. 1 Schematic representation of the pharmacokinetic model.

The rate parameters identified in the model have the
following significance:

1. k° (amount per unit area per unit time) and k! (time™)
describe, respectively, zero-order and first-order drug release
from the applied topical formulation. In the case of the
membrane-modulated devices for scopolamine and nitroglyce-
1in (11, 4), both zero-order and first-order release behavior is
observed. The former originates from the expected mem-
brane-controlled leaching of drug out of the reservoir. The
latter results from the fact that the adhesive retaining the patch
on the skin surface contains a loading dose of the drug which
facilitates the more rapid attainment of desired plasma levels.
Release experiments have shown that the loading dose is
delivered into the skin according to first-order kinetics (11). In
the case of an ointment, we shall assume, in this paper, that
release can be adequately modelled by a k' process; for
nitroglycerin, it will be shown, this is a reasonable approxima-
tion.

2. k, appears in the model for completeness but may be
expected, in most instances, to have a very low value. The
parameter allows for competition for the drug between the
applied formulation (e. g., ointment or patch adhesive) and the
stratum corneum. If the delivery system is formulated approp-
riately, then one would expect partitioning into the skin to be
favored and k, to be small. On the other hand, for compounds
which show very low affinity for the skin, then a high k, value
can be used to describe the slow interfacial passage of material
at the delivery system-skin boundary.

3. k; and k; are first-order rate constants that describe drug
diffusion through the stratum corneum and viable epidermal
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tissue, respectively. The kinetic parameters may be equated
with the ratio of the corresponding diffusion coefficient (D) to
the diffusion path length (h) squared in the two tissue layers
M, i.e.,

k1 = Dsc/hsc2 5 k2 = I)thhvt2 (1)

If we assume ideal behavior for the stratum corneum and
viable tissue, then hy, and h,, should be constant for all
penetrants, and k; and k, [from the Stokes-Einstein relation-
ship (12)] may then be shown to be simple functions of drug
molecular weight (M):

k=CMP @)

k=CM" G)

where C; and C, are constants. k; and k; values for benzoic acid
(k,®* and k,B*) have been established by earlier work (2), and
hence we may use eqns 2 and 3 to find k; and k; for nitro-
glycerin (k;°™ and k,®™) by simple ratio:

leTN — leA (MBA/MGTN)1/3 (4)

kZGTN — k2BA (MBA/MGTN)1/3 (5)

4. The model depicted in Figure 1 assumes the skin to be
biphasic and divided into essentially lipophilic stratum cor-
neum and aqueous viable tissue. The discussion above relating
to k; and k; further assumes that transport through these two
tissue layers is somewhat ideal and dependent only upon mole-
cular size. This latter assumption is too severe because it does
not take into account the differential affinities that different
penetrants will show towards stratum corneum and viable
tissue. The k; rate constant is used, therefore, to compensate
for this insensitivity and has been chosen in such a way that the
model may be used predictively. k; allows for specific interac-
tions [e.g., binding or reservoir effects (13)] between the
penetrant and the stratum corneum. The larger k;, the greater
the affinity of the absorbing drug for the stratum corneum, and
vice versa. It follows that the ratio ki/k, then provides an
“effective partition coefficient” of the drug between stratum
corneum and viable tissue, and this identity permits a predic-
tive entry point. We have shown in previous work (14, 15) that,
for a broad selection of topically delivered chemicals in vivo in
man, ki/k, is linearly related to the simple octanol-water
partition coefficient (K):

ky/k, = K/5 (6)

It is now possible to estimate the kinetic parameters of the
model describing transdermal movement purely on the basis of
the drug’s physicochemical properties. Expressions like eqns
(4) and (5) allow k; and k, to be found; then eqn (6) (i.e., the
value of K) in conjunction with k; permits evaluation of k3. The
rationale of this stage of the argument describing the model’s
development is important and is worth reiteration: We firstuse
an ideal transport relationship to characterize drug diffusion
through stratum corneum and viable tissue. The insensitivity of
this approach is then compensated for by k; which is, in turn,
closely related to a basic oil-water partition coefficient. Predic-
tion of k;, k; and k3 is thus possible. A priori prediction of
“true” transport parameters across the skin remains a future
goal. The present simulation, we believe, recognizes the
problems involved in attaining such an objective and offers an
alternative, not necessarily perfect, but pragmatic approach.
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5. Finally, k, describes drug elimination from the blood.
The concentration of drug in the cutaneous capillaries is
assumed to be the same as that in the systemic circulation. Of
course, the elimination process may be more complex than a
single-exponential decay in which case a more complicated
function should replace k, (16). This parameter cannot be
predicted physicochemically and must be determined, for
example, by measuring as a function of time, the decay of drug
concentration in plasma following intravenous administration.

Mathematically, the model depicted in Figure 1 may be
represented by a series of differential equations:

(A) for zero-order input (from a delivery system of thickness /):

de/dt = =K% + Vik,ci/ Vg (7
dey/dt = VkVil — (k, + k) ¢ )
dey/dt = Viki¢1/V, — kyep + Viksey/Vs )
dey/dt = Vokye)/Vs — (k3 + ko) 3 (10)
(B) for first-order input:

dey/dt = —klcy + Vik.c)/Vy (1)
dey/dt = Vok/ vy — (k. + ki) ¢; (12)

and the corresponding equations for dc,/dt and dcy/dt are, of
course, given by eqns (9) and (10). In these expressions (eqns
6-12), V; and ¢; are, respectively, the volume of and the drug
concentration in compartment i.

The equations for the two cases are easily solved (17) to
give expressions for the plasma concentration (c3). The results
are: — for zero-order imput:

Ak%k;ky

3= —V—3— {Vaope — exp(—at)/[o(a—p) ((x—é)] -

exp(—Bt)/[B(B—o) (B—e)] — exp(—et)/[e(e—a) (e~P)] } (13)

for first-order input:

¢ = ““\‘,& {exp(~at)/[(B—o) () (—p)] +

exp(—pty/[(a—B) (B~w) (B-w]
+ exp(—ot)/[(¢—w) (0—=F) (0=w)] + exp(-ut)/

[(c—w) (n=P) (w—w)] } (14)
In eqn (13), A is the surface area of the delivery system and
e = (k. +k;); in eqn (14) M, is the total amount of drug
applied (i.e., M., = Alcy = drug concentration in vehicle X
area of application X thickness of applied phase). « and  and
o and p are the roots of quadratics and are defined by the
following pairs of equations:

((X+B) = k2+k3+k4 5 (XB = k2k4 (15)

(0+u) = kl+k+ki ; op=kk (16)
Thus, if one is able to (a) characterize the delivery system, (b)
estimate reliably the transdermal rate parameters, and (c)
obtain systemic elimination kinetics (k;) and volume of dis-
tribution (V3) information, then ¢; may be predicted. Alter-
natively, one may chose a target ¢; value to determine the
necessary input rate characteristics for a candidate transder-
mal drug delivery system. Below, we demonstrate that the
former approach may be successfully applied to nitroglycerin
administered via the skin. Hence, we also show, by implica-
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tion, that the latter strategy may prove to be an effective
means of assessing the feasibility of delivering a chemical
systemically using the skin as the route of entry.

Results and Discussion

The parameters necessary to calculate c; using eqns (13) and
(14) have been obtained in the following way:

(a) k; and k; are calculated with eqns (4) and (5) respectively,
using values of k;®* = 0.18 h™" and k,2* = 2.90 h™} (2) and the
appropriate molecular weights (MB* = 122, M°™ = 227).
Hence, we find that k,°™ = 0.15 h™" and k,*™ = 2.36 h™".
(b) The ratio ky/k, is determined from the published (18)
octanol-water partition coefficient (K = 112) and eqn (6).
Thenl, with the value of k, found above, it follows that k; =
53h.

(c) Nitroglycerin is very rapidly cleared from the circulation
and its plasma half-life is 2.3 0.6 min (19). In the calculations
below, therefore, elimination half-lives for the drug of 1.7,2.3,
and 2.9 min have been chosen, i. e., we determine c; using one
of three k, values: 24.75 h™', 18.24 h™', and 14.44 h'!, which
correspond to the range of biological variability encountered in
man (mean — s.d., mean, and mean + s.d.).

(d) V; is the volume of distribution for GTN, reported to be 3.3
+1.2 Vkg (19) or 231 +84 liters for a 70 kg adult. Again
calculations have been made to indicate the effect of variability
in V3 on the predicted plasma concentration-time profile.
(¢) The remaining parameters are k, k' and k. We assume that
the affinity of GTN for the skin is much greater than its
preference for the delivery system and that k; is therefore
small. We have chosen k, = 1x107 h™!. The release rate of
GTN from the membrane-controlled delivery system, which is
presently on the market, has been measured (4): K =
0.036 mg/cm?h. We have based our calculations upon the
application of a 10 cm? patch containing a total of 25 mg GTN,
23 mg of which are initially localized in the reservoir, 2 mg in
the adhesive (4). To simulate GTN release from the patch,
both eqns (13) and (14) are required (4, 11). The former with
the above k® and A=10 cm? describes the membrane-control-
led leaching of drug from the reservoir. The latter represents
input of GTN due to the “loading” dose in the adhesive. For
scopolamine delivery from a transdermal system, release from
the adhesive has been shown to be first-order with k! = 1.3 h™
(11). Since the design of the GTN patch is similar, we have
assumed an equivalent k' in our calculations.

We can now calculate ¢; for GTN following transdermal
delivery from a membrane-controlled patch. Figure 2 com-
pares the prediction, which is obtained when mean values for
V3 and k4 (231 liters and 18.24 h™!, respectively) are used, with
the average (£S. E.) in vivo data reported by Good (4). The
prediction is presented in three parts: that is, zero-order [eqn
(13)] and first-order [eqn (14)] contributions being shown
together with the resulting summation. It can be seen that the
predicted profile is in very reasonable agreement with the
human results and that the discrepancies between model and
experiment are within the variability that may be expectedina
typical subject population. Figure 2 also shows the crucial role
of the loading dose in the adhesive for controlled transdermal
GTN therapy. Establishment of the target, constant plasma
concentration, is significantly enhanced by the “priming”
source of drug in the contact layer of the patch.

The accuracy of our predictions can also be explored by
studying the “theoretical” range of possible plasma concentra-
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Fig. 2 Prediction of GTN plasma concentration following transder-
mal delivery from a “membrane-controlled” patch. Curve F repre-
sents first-order input of drug from the ‘priming’ dose in the contact
adhesive [according to eqn (14)]. Curve Z indicates membrane-
controlled leaching from the reservoir [according to eqn (13)]. The
summation is shown by curve T. The rate constants employed are:
k® = 0.036 mg/cm¥h, k' = 1.3 h™!, k, = 1x10° h™*, k; = 0.15 h,
k, =2.36 hl, k; = 53 h™', k, = 18.24 h™*, V; = 231 liters. The origin
of the parameters is discussed in the text. The solid circles (+S.E.)
are published in vivo data (4) (N=12).
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Fig. 3 Prediction of GTN plasma concentration following transder-
mal delivery from a “membrane-controlled” patch. k°, k', k., ki—k;
and V; are as given in the legend to Figure 2. Curve A uses k; =
24.77 h! [mean (19) + s.d.], curve B has k, = 18.24 h™! [mean (19)]
and curve C employs k; = 14.44 h? [mean (19) — s.d.]. The solid
circles (£S. E.) are published in vivo data (4) (N=12).

tions using the biological variability indicated by the in vivo
volume of distribution and elimination half-life values (see
above). In Figure 3, we fix V; at the mean value of 231 liters
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and allow k, to vary from one standard deviation below to one
standard deviation above the mean. Figure 4 shows the oppo-
site experiment, in which the elimination half-life is held
constant at its average value (2.3 minutes) and three V; values
are considered (mean —s. d., mean, mean +s.d.). For com-
parison, we again show the mean in vivo plasma concentrations
together with their respective standard errors (4). It is clear,
that for GTN, because of the pharmacokinetic variability
encountered, further refinement to our model predictions
cannot be justified at the present time.

PLASMA

CONCN, (NG/ML)

0.2 -
Al

o f S A A
~3

0.05

0,01 1 { 1 1 1 i

0 4 8 12 16 20 24

TIME (HOURS)

Fig. 4 Prediction of GTN plasma concentration following transder-
mal delivery from a “membrane-controlled” patch. K, K, k,, kqk,
are as given in the legend to Figure 2. Curve 1 uses V; = 147 liters
fmean (19) — s.d.], curve 2 has V; = 231 liters [mean (19)], and
curve 3 employs V; = 315 liters [mean (19) + s. d.]. The solid circles
(£S.E.) are published in vivo data (4) (N=12).

The ability to mirror successfully the plasma concentration-
time course is encouraging. It should be pointed out, of course,
that the zero-order input rate required to achieve a desired
steady-state plasma concentration (c§%) can be found from the
simple “rate in = rate out” equality [eqn (17)]

AKY = Vik, oSS an

Hence, with k° set at 36 ug/cmz/h, A=10 cm? and V; and k,
taking their average values (19), we find ¢$° = 0.086 ng/ml,
which is exactly the limiting c; in Figure 2. In this paper, we
report the additional steps by which the approach (i.e., the
kinetics of the approach) to steady-state can be calculated and
modified by engineering details within the patch (e. g., adhe-
sive type, release characteristics and loading dose). The time-
course of the approach to steady-state and questions relating to
the location of the rate-determining step (and hence the
feasibility of the transdermal mode of administration) are now
accessible through the pharmacokinetic model described.
The results for the controlled delivery system may be
contrasted with the behavior typical of a more conventional
topical formulation, an ointment. In this case, we assume
exclusively first-order delivery kinetics and determine the
plasma concentration with eqn (14) alone. The calculations are
based upon application of 0.25 ml of 2 % ointment [about %
inch of the commercial preparation (22)] to a skin surface area
of 10 cm?. To illustrate the kinetic profile, we use k;—k; values
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as before and choose the mean elimination half-life (19) of
2.3 minutes to obtain k4. k; is again set to be very small:
1x107° hL. In Figure 5, we then plot c; as a function of time
following a single administration of the ointment for three
different values of k': 6.5 h™', 1.3 h™}, 0.26 h™!. The medium
value is that which was assigned to describe release from the
adhesive layer of the patch (see above). The high and low
values are, respectively, five times and one-fifth of 1.3 h™'. The
k! values correspond to input half-lives of between 0.1 and
2.7 h. Finally, in Figure 6, fork' = 1.3 h™', the plasmalevel as a
function of time following three 8-hourly topical doses is
calculated and compared with mean (+=SE) human in vivo data

(4).

PLASMA
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TIME (HOURS)

Fig. 5 Simulated GTN plasma concentration following a single topi-
cal administration of a 2% ointment. The calculations assume a
vehicle volume of 0.25 ml applied over an area of 10 cm?. Curves are
shown for three first-order release rates from the ointment:

k' = 6.5 h! (Curve I), k! = 1.3 h?! (Curve II), k! = 0.26 h™! (Cur-
ve III). The other rate constants employed are:

k, = 1x10%h", k; = 0.15h™", k, = 2.36 h!, ky = 53 h! and

k, = 18.24 h\.
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Fig. 6 Simulated GTN plasma concentration following 8-hourly
multiple administration of a 2% ointment. Each dose is 0.25 ml
applied over an area of 10 cm®. The rate constants employed are:

k' = 13h k = 1X10°%h?, k; = 0.15h™, k, = 236 h'l, k; =
53 h'!, k, = 18.24 h™%. The solid circles (£S. E.) are published in vivo
data (4) (N=12).
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Figure 5 shows that the two faster k' values, although
differing by a factor of 5, give essentially the same kinetic
profiles. The smallest k' (0.26 h™) leads to a different profile
because its value is approaching that of k; (i.e., 0.15 h™);
hence absorption rate control is no longer determined exclu-
sively by diffusion of GTN across the stratum corneum. The
multiple-dose profile in Figure 6 demonstrates that GTN
ointment administration every 8 h leads to a rapid establish-
ment of steady-state kinetics. Once again, the agreement
between simulation and experiment is good and the differences
fall within observed biological variability.

In conclusion, it can be stated that the kinetic model
proposed in this paper very adequately predicts the plasma
concentration-time relationships of GTN following transder-
mal delivery. The approach makes use of the in vitro release
characteristics of the applied delivery system and of known
GTN elimination kinetics and volume of distribution. The
simulation assesses transdermal kinetic processes on the basis
of the drug’s physical chemistry alone. The viability of the
approach is implied by its success in modelling available in vivo
data. Other work (17, 23) suggests that equally impressive
agreement between theoretical prediction and in vivo reality
can be achieved for two other transdermally delivered agents,
scopolamine and clonidine. It seems possible, therefore, that
this predictive pathway may facilitate (1) the assessment of
candidate drugs being considered for transcutaneous delivery,
and (2) the determination of the necessary input Kinetics
required to achieve therapeutic drug levels in the biophase.
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Abstract: The kinetic behavior of thymine and 5-fluorouracil has been
shown to be non-linear and mediated largely by saturable metabolic
processes. In vivo estimates of the Michaelis-Menten parameters V.,
and K, were obtained from constant infusion data in normal dogs
using a system of balance equations that equate drug input with total
output at steady-state. These estimates were then successfully used to
simulate both steady-state and post-infusion plasma concentration-
time curves for both compounds over a range of saturating and non-
saturating conditions. It has been shown previously that estimates of
Vmax and K, obtained from dynamic data can be incorrect if an
inappropriate compartmental model is used in the analysis. Determin-
ing the Michaelis-Menten parameters at steady-state eliminates this
difficulty. Moreover, the use of steady-state derived values to simulate
post-infusion data confirms the validity of this technique. The kinetic
interaction between thymine and 5-fluorouracil was investigated as a
case of competitive metabolic inhibition in vivo by calculating K values
from data obtained during simultaneous constant infusions of the two
compounds. These values were then used in conjunction with a series
of differential equations incorporating reciprocal metabolic effects to
simulate the effect of thymine on FU plasma concentration.

We have shown previously that the elimination of the
pyrimidines thymine (Thy), thymidine (dThd), and
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fluorouracil (FUra) in normal dogs is mediated in part by a
saturable metabolic process (1). Other investigators have
presented similar findings for monkeys and man (2-4). In
addition, co-administration of dThd and FUra has been shown
to result in a competitive metabolic interaction resulting in a
prolonged half-life for FUra and increased clinical toxicity (5,
6).

For many compounds, plasma concentration vs. time data
can be analyzed using one of a number of non-linear regression
programs. In conjunction with an appropriate pharmacokine-
tic model, this procedure can provide valid estimates of the
elimination rate constants and zero-time intercepts (7). How-
ever, when a compound is eliminated from the body by a
saturable process the analysis becomes more complex, and
simple first-order kinetics are no longer valid over a wide
concentration range. Differential equations of the form:

—dC _ Vot - C
dt  K.+C

where —dC/dt is the rate of decline of drug concentration at
time t, V ,, is the maximum velocity (in concentration units) of
the saturable process and K, is the Michaelis constant, can be
derived to describe such systems. Unfortunately, Equation.1
cannot be integrated and solved explicitly for C (7). It is
difficult to use many non-linear regression programs to analyze
this type of data, since they require an explicit expression for
C. Some programs can accomodate a system of differential
equations directly, but these can be costly of computational
time (8), and in any case, a large number of unknown
parameters may make a good fit difficult to obtain.

We have obtained estimates of V,,, and K, for dThd, Thy
and FUra by incorporating these parameters into a series of
balance equations describing the steady-state input and elimi-
nation of drug from the body during constant i.v. infusion (1).

(Eq. 1)



