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New Method for Calculating the Intrinsic
Absorption Rate of Drugs

By J. C. K. LOO and S. RIEGELMAN

If conceiving the body to be a single compartment is correct, calculations based on
this presumption should result in an exact estimate of the rate of appearance of a
drug into the blood when administered intravenously at a precisely known rate.
In order to test this hypothesis selected drugs were administered intravenously
at known logarithmic and linear rates of infusion, thereby mimicking first- and zero-
order absorption conditions. Itis shown that methods based on the single-compart-

ment concept do not result in acceptable estimates of the absorption rates.

Not only

do these methods lead to an incorrect rate constant but occasionally allow incor-

rect assignment of the order of the process.

A new equation is presented, presum-

ing the drug distributes between a central and one peupheral compartment, which

allows one to calculate the rate of absorption.

The equation results in an accurate

estimate of the known rates of infusion (absorption) for the drugs studied to date.

PROBABLY THE oldest published method for
estimation of the rate of absorption of a drug
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into the blood was published by Dominguez and
Pomerene (1). Their method was based on a
presumption that the body may be treated as a
single-compartmental reservoir from which the
drug is eliminated by first-order processes. The
calculation of the absorption by their method
required estimation of the apparent volume of
distribution of the drug in this single-compart-
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ment, the slope of the blood level time curve at
time, ¢, and the apparent elimination rate con-
stant of the drug from the volume of distribution
which is assumed to be constant and independent
of time and dose administered. A number of
other methods based on the same model have
been proposed. These include the blood level
maximum and time of maximum methods of
Dost (2), and the ordinate intercept and total
area methods of Kriiger-Thiemer and Diller (3).
Each of these methods requires one to make a
basic presumption that the drug is being absorbed
by a first-order process starting immediately
after the drug is administered.

In 1960 Nelson (4) proposed a method utilizing
the first and second derivatives of the urinary
excretion data as a function of time. Later, in
1963, Wagner and Nelson (5) published what has
become the most commonly used methods for
estimating the apparent absorption rate of drugs
utilizing either urinary or blood data. These
methods have gained wide acceptance since they
do not require prior estimate of the volume of dis-
tribution and they place no limitations on the
order of the absorption rate process.

Several methods have been proposed by dif-
ferent workers which utilize the complete i.v.
curve in conjunction with the oral absorption
curve. The method of Scholer and Code (6)
published in 1954 is an involved and extensive
numerical estimation. The method of Silverman
and Burgen published in 1961 (7) involves a
curve follower and analog computer to deconvo-
lute the blood data relative to a known i.v. curve.
Recently Rescigno and Segre (8) have published a
numerical rather than a computer method of de-
convoluting the blood data. In 1965 Stelmach
et al. (9) proposed an analog computer program
which included the release of the drug from a
dosage form prior to the absorption step. Their
program initially was presented on a single-com-
partmental model. Their procedure was based
on the presumption that one had previously
defined the elimination rate constant, and the
absorption rate constant of the drug adminis-
trated orally in solution,

In spite of all the available methods and the
large number of estimates of the apparent absorp-
tion rate of different drugs by a variety of avail-
able methods, the literature! apparentlv contains
no comparisons of these estimates with known

1 Wagner (10) utilized averaged data for 24 subjects ob-
tained from Fig. 1 of Jopikii and Turpeinen’s (11) data on the
administration of i.v. infusions of glucose. Although a good fit
was apparently obtained, the original data of Jopikii from
these 24 subjects had been corrected for a varying basal glu-
cose level. Further, the postinfusion elimination constant
was different from the elimination constant during the infu-
sion.
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input rates obtained from individual test subjects
or animals.

The purpose of this paper is to present some
experimental blood level data following infusion
at known input rates. It will then be shown that
the methods based on the single-compartmental
model result in grossly inaccurate estimates of the
known input rates and can lead to error and
occasionally false interpretations of the results.
Further, a new equation will be derived which
allows one to use rather simple numerical pro-
cedures to estimate the true input rates.

THEORY

The Single-Compartmental Model—The single-
compartmental model is based on the assumption
that the dose absorbed is distributed into what is
conceived to be a single compartment and is elim-
inated from it by first-order processes of metabolism
and excretion, This is represented schematically be-
low:

drug at absorp- ~~ ~¥ body ~——— metabolism _
tion site and excretion

K
D= ~—>Vd(Cp) —— ME

D is the amount of the original dose remaining at the
absorption site, Cp is the concentration of the drug
in the blood, Vd is the apparent volume of distribu-
tion? based on the presumption that the body be-
haves as a single compartment, ME represents the
combined amount of drug metabolized and excreted
by simultaneous first-order processes, K is the first-
order rate constant for the elimination of the drug
from the body and is equal to the sum of the indi-
vidual rates of metabolism and excretion. On the
basis of material balance, the amount of the intact
drug reaching the fluids of distribution is taken to be
the amount of drug absorbed at any time (A4).
This is in effect the nef influx of intact drug which
has transferred into the blood stream. This is set
equal to the amount of the drug in the body com-
partment plus the amount eliminated by all processes.
Wagner and Nelson derived their absorption equa-
tions on the basis of this material balance. Since
the rates of metabolism and excretion are often found
to be directly proportional to the blood level, they
proposed that the amount of the drug eliminated up
to time #, could be evaluated by K Vf;"Cpdt. There-
fore, integration of the differential mass balance
equation between the limits of # and f,, resulted in
what has become known as the Wagner-Nelson
(W-N) absorption equation for blood data:

in
(A4/Vd) = Cptn + Kf

b
With Eq. 1, one attempts to evaluate the amount ab-
sorbed (expressed in concentration units) as being
the sum of the concentration in the body as repre-
sented by the plasma concentration plus the second
terms which is equal to the amount eliminated (ex-
pressed in concentration units). When all of the
drug is absorbed, the value of (4 /Vd)« will approach

Cpdt (Eq.1)

2 In the nomenclature of the earlier papers of this serigs, this
apparent volume of distribution is more cosrectly specified as
Vduonl(ll)-
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an asymptotic value representing the estimated to-
tal amount of the drug absorbed. Since the apparent
volume of distribution may not be known, it is neces-
sary to express the data in terms of the percent re-
maining to be absorbed. These data are frequently
interpreted in terms of pseudo-zero and pseudo-first-
order rates. Occasionally more complicated inter-
pretation of the results is attempted (10).

The Two-Compartmental Open-System Model—
Riegelman, Loo, and Rowland have recently pro-
posed that it is mathematically and physiologically
more acceptable to conceive the body to be a two-
compartmental open system (12). Such a model is
shown in the following schematic:

drug in peripheral
(tissue compartment)

drug in central  metabolism
drug at absorption—" ——— and
site compartment excretion

or in appropriate symbols:

T

ki | A
D————p ket

> ME

P is the amount of the intact drug in the central com-
partment, which includes the blood, fluids, and tis-
sues which, in effect, spontaneously equilibrate with
the blood; T is the amount of intact drug in the pe-
ripheral (tissue) compartment; Vp is the volume of
the central compartment; &2 and ks are the first-
order distribution rate constants out of and back
into the central compartment from the peripheral
compartment, and k. is the sum of the (presumed)
first-order rate constants for the simultaneous pro-
cesses of metabolism and excretion. The above two-
compartmental model results in the following general
equation describing the blood level time curve after
a single i.v. injection:

Cp = Ae~«t + Be~8¢ (Eq. 2)

whereatt = 0, Cp° = 4 + B, and « and g are hy-
brid rate constants each influenced by all the indi-
vidual rate processes. Because of this, Riegelman
et al. (12) proposed that o and 8 be called the fast
and slow disposition rate constants, respectively.
The relationships between these disposition rate
constants and the individual rate constants of this
model have been presented in earlier publications.
(12, 13). 1In the following presentation, it will be
presumed that the accurate data have been obtained
at appropriat : times and analyzed for the rate con-
stants, ki, ka1, and ke
It is convenient to convert all of the drug amounts
represented in the model to concentration terms by
dividing by Vp, whereupon they become Cp, (i,
and Cme, respectively. The amount metabolized
and excreted up to time £,, expressed in concentra-
tion units becomes:
t’"
(Cmed)in = ke f Cpdt (Eq. 3)
[

0

Integration of the differential mass balance equation
between the limits of ¢, and ¢, results in:

in

(A/VPln = Chtn + ka f Cpdt + Cit. (Eq. 4)

t
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This is in effect a modified Wagner-Nelson equation
for the two-compartmental model; however, before
Eq. 4 can be used to estimate the absarption rate of a
drug, it is necessary for the tissue compartment con-
centration term to be expressed in measurable quan-
tities. The differential equation representing the
rate of change of this compartment with time is:

dCt/dt = —knCt + kCp (Eq. 5)

Since ki and kyn can be estimated from the blood
data, if Cp could be expressed as a function of time,
the solution of Eq. 5 would be feasible. If one as-
sumes that between the two data point times ¢,
and £, the blood level data can be approximated by
a straight-line segment, it is possible to substitute for
Cpt, on the basis of the equation for a straight line:

Cpta = Chin_s + M-At (Eq. 6)
where
At =tn — tha; ACP = Chyn — Che,
and
M = ACp/AL

whereupon we may substitute for Cpy, in Eq. 5 the
equation can be integrated by Laplace transforms
and the second term simplified by a two-term Taylor
approximation: 8

Ctty = ki, Coipaa |l — e—kunt] + kyy ACP Al +
Clin1e—knbl (Eq. 7)

The total absorption equation based on the two-
compartmental model can be obtained by substitut-
ing for (Ct), in Eq. 4.

in
(A/Vp)tn = CP!n + ka f det +
io

Biz Cprpy [1 — e—kudt] 4

k.
21 }%26‘1);“ + Cltnoy e—Eaal  (Eq. 8)

As with the W-N equation, Eq. 1, the second term
including the integral is evaluated by progressive
summing of the area under the plasma concentration
time curve from  to ¢,, usually using the trapezoidal
rule for estimating the areas. Since the concentra-
tion of drug in the tissues is usually zero at the start
of the study, when evaluating the tissue concentra-
tion at ¢ it is appropriate to set the last term in Eq. 8
equal to zero.* At each subsequent time, ¢, the
tissue term must be solved by a method of successive
substitution of the tissue concentration from the pre-
vious time interval .5

EXPERIMENTAL

The N-methylglucamine salt of acetylsalicylic
acid (ASA) was prepared by mixing equimolar
amounts of the base and acid. A 650-mg. dose of
ASA was prepared in 10 ml. of solution. The solu-
tion was bacteriologically filtered and injected into

3 A detailed derivation of E¢. 7 is given in the appendix.

4 As with the use of Eq. 1, it may be necessary to make a
time shift to correct for a delay in absorption.

5In order to facilitate the use of this complete absorption
equation, a detailed analysis of sample data is included in
Tables I and II under Appendix.
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the antecubital vein by rapid i.v. injection. Blood
samples were taken from the opposite arm at 1, 2, 4,
6, 8, 10, 15, 20, 25, 30, 45, 60, 75, 90, 120, 150, 180
min., and at hourly time periods for 8 hr. The sam-
ples were assayed for ASA by the specific gas chro-
matographic method of Rowland and Riegelman (13).
Several weeks later the experiment was repeated
using a Harvard infusion pump (model 975). Since
this pump has a series of gears at constant ratio to
one another, it was possible to establish a logarith-
mic rate of infusion by shifting the gears at constant
time intervals. In witro experiments showed the
pump to produce logarithmic results through 979, of
the injection, whereupon the final 3%, were injected
without further gear change. Different rates of
infusion could be generated by merely modifying the
time intervals for the gear changes. In order to keep
the sampling as near as possible to the true log curve,
the blood samples were taken at or near to the time
of the gear changes. All experiments reported herein
were done on male tests subjects.

Griseofulvin was injected into adult male volun-
teers in a specially prepared solution of griseofulvin
dissolved in polyethylene glycol 300. The solution
was not injected directly but by diluting it into a
rapidly flowing normal saline solution, which was
being administered by intravenous drip over a 3-min.
period. Several weeks later the drug was adminis-
tered over a 2-hr. constant infusion into the same
test subject. The plasma samples were assayed for
intact drug by a modification of the method of Bed-
ford et al. (14).

An AEI model TR48 analog computer and a Var-
jan Associates 11 X 17-in. X-Y recorder was used to
study the models.

RESULTS AND DISCUSSION

Figure 1 represents the data obtained when ASA
was administered intravenously under logarithmic in-
fusion conditions to a test subject. The data appear
to be completely compatible with the concept of the
body exhibiting the properties of a single compart-
ment since the up curve could be said to represent the
infusion period while the down curve then could rep-
resent the disappearance of the drug from the body
by a single rate constant process. Indeed, a theoreti-
cal curve could be drawn through all the data
points, except the 1-min. point, using the following
equation where the rate constants were obtained
by graphical estimation:

Cp = 0.53(g=0041t — g—0.15¢)

The insert curves show the logarithmic infusion data
superimposed on the rapid (10-sec.) i.v. injection
data. The logarithmic infusion was continued for
64 min. Therefore, not only is absorption taking
place at the same time as the drug is distributing into
the peripheral tissue compartment, but it continnes
well beyond the peak in the blood curve. Due to the
relative rates of drug infusion and loss from the body,
the apparent disappearance curve changes. The ob-
served disposition half life, 0.693/8, for the i.v.
curve is 14 min., while due to the continued influence
of the infusion (absorption) process, the disposition
half-life from the simulated logarithmic absorption
data becomes 17 min. Changes in half-life such as
these have been occasionally proposed to be due to
changes in the elimination rate during the test pe-
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Fig. 1—Blood level of ASA after logarithmic infusion

of 650 mg. into subject S at first-order rate of 0.0693

min.”1 (tie = 10.0 min.) Infusion ceased at 64

min. Insert (Fig. la)—The superimposed blood

curves after log infusion (W) and single i.9. injection (©)
of 650 mg. ASA.

PLASMA CONCN. OF ASA, mcg./ml.

riod. Wagner (11) has also emphasized that the
absorption process countinues far beyond /m.x., the
time of the maximum blood level.

Figure 2a¢ represents the amount absorbed, di-
vided by the appropriate volume constants versus
time plots for Egs. 1 and 8. The convergence on a
false early asymptote with Eq. 1 is illustrated. Fig-
ure 2b includes plot of the log percent remaining to
be absorbed versus time plot of the same data. The
ASA was infused at a rate such that the half-life
was precisely 10.0 min. Analysis of the data using
Eq. 1 results in an estimate of the half-life for ab-
sorption in error by several orders of magnitude. In
contrast, calculations based on Eq. 8 almost exactly
duplicate the known infusion data. When 39, or less
remains to be infused, the infusion pump no longer
produces a log infusion. It is in this region that the
calculated data diverges from the theoretical curve.

Figure 3 contains data for a second test subject ad-
ministered ASA by a rapid i.v. and log infusion at a
precise rate equal to a half-life of 6.0 min. The i.v.
data are for a 650-mg. and a 325-mg. dose of the
drug. While there is some small amount of experi-
mental error, if the two curves are normalized, they
are superimposable and therefore result in identical
distribution and elimination rate constants and vol-
ume of distribution. Again there is a slight increase
in disposition half-life in the log infusion (absorption
curve). Additional assay data beyond the time
indicated were obtained out to the limit of the assay
method (0.4 mecg./ml.) and all three curves show
mono-exponential decay. Figure 4 includes semilog
and linear plots of the percent remaining to be
absorbed plots. Once again the complete absorp-
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Fig. 2—The percent ASA remaining to be infused as
determined by Eq. 1 (©) and Eq. 8 (W). The latter
data exactly coincide with the actual infusion rate
(tye = 10.0 min.). Insert (Fig. 2a)—Corresponding
amount infused divided by the volume constant in-
trinsic to the model, Eq. 1 (©) and Eq. 8 (®).

tion equation predicts the known infusion rate, while
it 1s difficult to draw a good curve through the W-N
plot. When comparing Figs. 2, 4, and 6 it may ap-
pear that the magnitude of error in the Wagner-Nel-
son method is large only because of the infusion
rates used and the selection of a rapidly metabolized

100 -

PLASMA CONCN. OF ASA, mcg./ml.

05— | AR N N S
10 20 30 40 50 60
TIME, min.

Fig. 3—Blood levels of ASA of subject P after single

1.9. injection of 325 mg. (©) end 650 my. (@), and

after a logarithmic infusion of 650 mg. ASA (M) at
0.115 min.t (t'/; = 6.0 min.).
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drug such as ASA. That this is not so is seen where
a PACE TR48 analog computer was programmed for
distribution and elimination of griseofulvin found in
the test subject reported in Figs. 5 and 6. Figure 7
includes curves illustrating the W-N plots which
would have been found for this compound at selected
first-order absorption rates. The disposition half-
life was set at 9.5 hr. while the half-lives of the ab-
sorption processes were adjusted from 1.8 to 7 hr.
When the input rates are large relative to the dis-
position rate constants, then the W-N calculation
may result in an apparent first-order plot. How-
ever, the relative error in the estimated half-life var-
ies with each experimental situation. The inter-
mediate input rates result in concave descending-type
curves to which it is difficult to assign a half-life.
Usually the initial data points are emphasized in
these analyses. However, it is important to note
that the curves approach the theoretical half-lives
near the end of the absorption process. Unfortu-
nately, this is the portion of the data where the ex-
perimental error would be the largest. It would ap-
pear that if a given drug were made up as different
formulations resulting in different rates of absorption,
analysis of the blood data by Eq. 1 would ap-
parently result in a varying error of estimation of
their true absorption rates. The data for the theo-
retical input with a half-life of 3.8 hr. are replotted in
Fig. 8 where the method of residuals is utilized to sep-
arate out the fast absorption component from
the slower step. The appropriate bi-exponential
equation for such a plot is:

percent unabsorbed = 0.45¢70-77¢ + (.55¢0-183¢

It can be interpreted to indicate 459 of the drug was

% REMAINING TO BE INFUSED

I N T R |

10 20 30 40 50
TIME, min.

Fig. 4—The calculated percent ASA remaining to be

infused as estimated by Eq. 1 {(©) and Eq. 8 (m).

The latter is a good estimate of the actual infusion rate
(tyz = 6.0 min.).
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Fig. 5——The blood level of griseofulvin after a 2-hr.
constunt infusion at a rate of 12.8 mg./min. and after
a single intravenous injection of 142 mg.

absorbed at a half-life of 0.9 hr. while 559, was ab-
sorbed at a half-life of 3.8 hr. These are, of course,
figments of the numerical method.

Using other appropriate distribution and elimina-
tion constants, the 4 /V versus time curves for the
W-N method were obtained. It wasnoted that when
the absorption rate is large relative to the rate of dis-
appearance from the body that some of these curves
exhibit a pronounced maxima. In their original pub-
lication Wagner and Nelson allude to this problem
by indicating that the 4/V value may reach a
maximum. It appears that both the bi-exponential
and the occasional appearance of maxima are arti-
facts of the numerical method. In Figs. 2b and 4,
it can be seen from the percent unabsorbed plots

% REMAINING TO BE INFUSED

TiME, hr.

Fig. 6—The caiculated percent griseofulvin remaining

to be infused after a 2-hr. constant infusion. The

curves are based on calculation using Eq. 1 (©) and

Eq. & (W); the latter 1is an excellent fit of the actual
infusion rate curve.
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Fig. 7—Analog computer simulated plots of the per-
cent remaining to be absorbed computed in accordance
with Eq. 1. The values for the rate constants of the
two-compartmental model are: ki = 0.29 hr.7l;
ko = 0.31 hr.7Y; ke = 0.16 hr.7'. The absorption
half-life was changed for each plot and is indicated
on each curve. The half-life values in parentheses are
those which may be estimated from each appropriate
linear segment.

that the use of Eq. 1 results in an underestimation of
the time at which absorption ceases. This may cause
difficulty in defining the release characteristics of
prolonged-action dosage forms. It would appear
virtually impossible to separate the perturbation of
the absorption data caused by the use of the W-N
equation from the complexities introduced by the
two different absorption rates.

The absorption process of a drug is undoubtedly

100
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\\Thc,,=0.9 HR.
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Fig. 8—An enlargement of the data given in Fig. 7
in which the input absorption half-life was sel at
3.8 hr. The middle curve represents the data that would
be obtained from Eg. 1. The lower curve is oblained
from the middie curve by the method of residuals
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highly complex. It is probable that each dose differs
in its rate of passage down the gastrointestinal tract
as well as in the rate at which the drug is released
from its dosage form. If the new equation allows us
to obtain valid data on such absorption rate pro-
cesses, as it now appears, then it may allow some
interpretation of the influence of the site of absorp-
tion on the rate process. This has been proposed as
a significant contributing factor to the results ob-
tained from the oral administration of griseofulvin
to man. It appears that a significant fraction of the
total griseofulvin is absorbed in a short interval of
time which may coincide with the transfer of the
drug through the duodenum. This is followed by a
prolonged slow absorption for many additional hours
(15). This small amount of secondary absorption
causes a profound change in the apparent rate of dis-
appearance of the drug from the blood. It would
have been impossible to make any quantitative
analysis of the absorption process of griseofulvin
without the availability of i.v. data on this drug (15)
along with this new method of analysis. The present
authors have emphasized in earlier publications of
this series (12, 13) that the plasma concentration
time curves for virtually all drugs require utilization
of a multi-exponential equation such as represented
by Eq. 2. This is well recognized by many workers.
However, until an i.v. dose is administered, with
blood taken at proper sampling intervals, it is im-
possible to assess the contribution of the first term,
Ae—a! to the early phase of the drug disposition.
The W-N equation is derived on the presumption
that this first term is negligible. The modified ab-
sorption equation does not make this presumption.
It is based only on the following two assumptions:
(a) that the i.v. blood curve can be defined by a set of
first-order differential equations, and (b) that the
values of the rate constants are independent of dos-
age level and time. The data presented in this study
have been shown to comply with those restrictions
within the dosage ranges studied.

The two-compartmental model derivation has re-
sulted in three important changes in the W-N equa-
tion. First, the very important peripheral tissue
compartmental term C? has been included. Second,
the model forces one to distinguish between the rate
constant for the disappearance of the compound from
the body and the specific elimination rate constant,
k.. The former constant is a hybrid constant and is
a complex function of the distribution rate constants
k1s and ks as well as the elimination rate constant,
k.. In most drugs the elimination rate constant,
k., calculated on the multicompartmental model is
two to fivefold larger than the slowest disposition
rate constant. However, with drugs such as
digitoxin, it may be as much as 40 times larger
than the slowest disposition rate constant. Third,
the volume constant used to convert the amounts
into concentrations is found to be the volume of the
central compartment, Vp, rather than the apparent
total volume of distribution Vdaren (11). The effect
of the first two modifications influences the shape of
the A/ V versus time plot, and results in evidence for
a longer period for the absorption before the asymp-
totic value is reached. The third term merely
changes the absolute value of the 4/V.

It should be noted that the new absorption equa-
tion, derived on a two-compartmental open-system
model, can be expanded to include additional pe-
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ripheral compartments when necessary. For example,
if the i.v. data indicates that a tri-exponential equa-
tion is required to describe the total curve, it would
be necessary to expand the mammillary model to two
peripheral compartments. One would then estimate
the distribution rate constants for each compartment
(13, 16). Finally, during an absorption study of
such a drug one would have to estimate the tissue
concentration in each peripheral compartment at
each data point time by using Eq. 7 written to in-
clude the unique distribution rate constants of each
compartment.

One criticism which might be made against the
new equation is the dependency it places upon the
evaluation of the distribution and elimination rate
constants from previously administered i.v. dose.
Undoubtedly there will be instances when these con-
stants will change with continued use of the drug
and the absorption test should be conducted as soon
as possible after the i.v. experiment. Further, the
effect of possible changes in the elimination rates,
such as might be caused by induction of drug metab-
olizing enzymes can best be evaluated on the basis
of the multicompartmental model. It is believed,
however, that some of the variation in the disposi-
tion rate constant reported by some observers is due
to the variable influence of the absorption rate pro-
cess on the disposition rate constant. This can be
seen in Fig. 9 by comparing the i.v. and oral curves
which have been generated on theoretical data de-
rived in the appendix and in experimental data
shown in Figs. 3 and 4.

Absorption Analysis Based on Urinary Excretion
Data—A relatively large number of the analyses of
absorption rates published to date have been made
using the W-N equation derived for the analysis of
urinary data, which is:

d Ae

Fl =2 ) + (de)n  (Eq.9)

(de)s, is the cumulative amount excreted up to
time ¢, and (d4de/dt);, is the rate of excretion esti-
mated from the differential data from ¢, to {,, and
f is the fraction of the administered drug excreted
intact. The first term on the right-hand side repre-
sents the amount of the absorbed dose remaining in
the body and the second term is to represent the
amount eliminated by all processes.

Application of the two-compartmental open-sys-
tem model to urinary data requires insertion of a
term for the tissue compartment. The resultant
equation is:

(A = kez[ dA“) +Ae:| + T. (Eq. 10)

where

- dde R ( — e~k AI)]
Tn= kcl [( )tn-x b 1 ¢ " +

L[4, N LT e—"
ka tn-1

It is immediately apparent that the application of
this equation to urinary excretion data will be diffi-
cult. With some drugs, such as amines, it is ex-
tremely difficult to detect the level of these com-
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pounds in the blood without recourse to radioactive
tracers while they may be conveniently and more
simply followed by urinary excretion methods. Nev-
ertheless, to apply Eq. 10, it will be necessary to de-
fine the distribution and elimination rate constants
from the urinary data after an i.v. injection. This
will require urine samples at short intervals in the
first few hours or may at times necessitate collection
of the samples by catheterization. If urine samples
are taken at sufficiently frequent intervals, under
conditions of controlled pH, the urinary excretion
data should also result in a bi-exponential curve,
which upon being normalized may be analyzed for
the appropriate distribution and elimination rate
constants.

Alternate Methods for Analyzing Blood Data—
The alternative analytical methods for estimating ab-
sorption rates utilizing both i.v. and oral data pub-
lished by earlier authors have not been utilized in
pharmacokinetic literature on drug absorption. The
method of Scholer and Code was utilized by these au-
thors in studying the oral absorption of D20 (6) and
later by Graham et al. (17) in their study of the ab-
sorption of 2Mg. This method is a valid, but ex-
tremely tedious method of analyzing for the absorp-
tion rate of the compound. The method utilizes
the multi-exponential equation representing the
fate of the compound in the body (obtained in a
prior i.v. experiment) to estimate numerically the
fate of each increment of dose at each data point.
This method, therefore, necessitates a large number
of repetitive calculations, 7.e., N?, where N is the
number of data points during the interval where ab-
sorption is taking place. In contrast, Eq. 9 requires
one calculation per data point.

The method of Silverman and Burgen and the
method of Recigno and Segre each directly utilize
the multi-exponential equation representing the fate
of the drug in the body after an i.v. dose. In these
methods the absorption data are compared to the
curve of the i.v. dose and an amount remaining to be
absorbed is obtained by a mathematical procedure of
deconvolution of the oral absorption data. The
method of Silverman and Burgen utilizes an analog
computer while the latter method is a numerical pro-
cedure, which also may be carried out by utilizing a
digital computer (18).

The method proposed in this paper utilizing Eq. 8
differs in an important characteristic from these
alternative methods. While requiring prior informa-
tion as to the multi-exponential fate of the drug in
the body, a two- or three-compartmental open-sys-
tem model is defined and the distribution and elimi-
nation constants are evaluated. The method does
not require comparison with the i.v. curve itself but
utilizes the distribution and elimination rate con-
stants in the equation. It therefore allows one to
carry out this calculation using a simple desk calcu-
lator. It also affords an excellent picture of the fate
of the drug within the body at all times.

APPENDIX

A Derivation of Eq. 7—As noted in the text, Eq.
6 is the differential equation representing the rate
of change of the tissue concentration in terms of the
two variables, Ct and Cp. It is necessary to substi-
tute for the Cp at time #, in terms of the prior blood
value Cp at time £,—,. This can be done if we pre-
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sume that the plasma concentration time curve is
linear over this short interval so that the equation
for the straight line applies. This is represented as
Eq. 6 in the text. Equation 5 can be written as:

act
—d‘f = —kﬂCt + k[ch + kleT (Eq 1(1)
where v = §, — f,—1.

In order to int_egrate Eq. 1la, we convert to Laplace
notation, with Ct referring to the Laplace transform
of Ct, with the initial conditions set at (Cf);,—; and S
is the Laplace operator notation:

ks CP kle

tnvl + v
(Eq- 2a)

CtS b Ctln_.l = '_k21 Cl +

Rearranging we have:

k12 CP k12M

CI(S + kll) = Ctlﬂ 1 + tn1 +

(Eq. 3a)
or

Ct ki Cp

Ct = — 7;—1+5(S+k )tn—1+

kaM
SUS + &y (B-40)

The inverse transform of Eq. 4a is

+ kx

Clin = Cltnse=kadt ¥ Cppy y(1 — B=tuat) +
ki AC

where At is substituted for r and ACp/At for M.
The third term of Eq. 5a¢ can be reduced by substi-
tuting for the exponential component in terms of a

two-term Taylor expansion, namely, e™* = 1 — x
+ x2/2, or
k2 Afcg —kaat — —
)t B (e 4+ kaAt — 1) =
2
k12 o ACp ACp — kAl 4 em)” (B )2 (At) T hudf — 1)
(Eq. 6a)

which reduces to knACPAL/2.
Substituting into Eq. 5¢ we arrive at the form
given as Eq. 7 in the above text:

Cliy = Cliy_i6—kuat + k‘” not (1 — e—Enal) 4

ki ACp AL
_igf__ (Eq. 7)

Sample Calculation Using Eq. 7—7The following
model will be utilized:

kiz = 0.29 hr.t Hkn = 0.31 hr."!
D —_— —F—> ME
= 0.41 hr."? kez = 0.16 hr.!

This results in a disposition rate constant, 8, of
0.0725 hr. =t (fy;, = 9.5 hr.) after sufficient time for
the absorption process to be complete. However,
Table I includes data points for Cp at various times
up to 15 hr., generated with the use of the TR-48
analog computer. These data are plotted in Fig. 9.
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PLASMA LEVEL, mcg./ml.

TIME, hr.,

Fig. 9—Simulated data for a theoretical drug with
dustribution and elimination characleristics given in
Fig. 7 and used in calculation for Tables I and II.
Note the slight divergence of the slopes of the i.v. and
the oral curves. The straight line indicates the log
percent remaining to be absorbed (tys = 1.8 hr.).

It is to be noted that the data points beyond the
fourth hour appear to lie on a straight line even
though 209 of the drug remains to be absorbed (1,
for the absorption = 1.8 hr.). One would usually de-
fine this slope as the elimination rate constant; more
appropriately in the context of the nomenclature
of this paper it is called the ‘“‘apparent” disposition
rate constant with a half-life of 8.9 hr. (8 = 0.078
hr.71'). It is to be noted that the value is not
identical with the half-life for the true disposition
rate process, ¢.¢., 9.5 hr. since the absorption and the
fast disposition component, «, are still contributing
to the observed value. Columns 3 through 12 in-
clude the steps required in the numerical calculation
of the values for Cty, utilizing Eq. 7. The accuracy of
the estimates of Ct can be checked in this instance
since the analog computer can generate the tissue
concentration curve. The solid line in Fig. 10 in-
creases the computer generated curve and the super-
imposed open circles indicate the calculated values
as listed in Table I, Column 12. The excellent fit
is readily apparent.

The estimation of the absorption rate constant
from the data utilizing Eq. 7 is given in Table II.
The appropriate steps are those used in the original
W-N equation, in which the area under the blood
curve between each set of data points is estimated by
the trapezoidal rule. These are listed in Column 3.
These values are progressively summed from ¢, to
t, in Column 4, and the cumulative sum of these es-
timates are multiplied by the known elimination rate
constant k. The A /Vp values are then calculated
from the sum of Columns 2 4+ 5 + 6. These data
can be converted into the percent unabsorbed as
indicated.

Table II also includes the calculation of the
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TABLE II——CALCULATIONS OF PERCENTAGE UNABSORBED VALUES*
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PERCENT UNABSORBED

20 |

DRUG CONCN., mcg./ml.

1 1 | S S N I WA SO S SN S NS S
2 4 6 8 10 12
TIME, hr.

Fig. 10—Simulated plots of data taken from Table IT

stmulating the blood level (Column 2; @), tissue level

(Column 6; ), and drug elimination (Column 5; m).

The solid lines are the computer simulated curves.

The iunsert includes the percent remaining to be ab-

sorbed plots (Column 9; @) calculated using Eq. 8 and
Eq. I (Column 13; 0).

‘“apparent’ percent unabsorbed according to the
W-N equation. This is listed in Columns 10 through
13. Figure 10 includes the semilog plots of the per-
cent unabsorbed, according to the two methods of
caleulation, 7.e., Columns 9 wversus 13. It is noted
that the calculations based on Eq. 8 (Column 9) re-
sult in an exact prediction of the known absorption
half-life of 1.8 hr. while the W-N equation (Column
13) leads to a prediction that the half-life for the
absorption process is approximately 0.8 hr.
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Effect of Topical Vehicle Cdmposition
on the Iz Vitro Release of Fluocinolone
Acetonide and its Acetate Ester

By B. J. POULSEN, E. YOUNG, V. COQUILLA, and M. KATZ

A model was developed to test certain concepts regarding the 7z vitro release of
steroids from topical vehicles. The steroids studied were fluocinolone acetonide
and fluocinolone acetonide acetate. The vehicles selected for the study were pro-
pylene glycol-water mixtures gelled with Carbopol 934. Isopropyl myristate was
used as the receptor phase for the diffusing steroids. Assay of the quantity of the
steroids in the receptor phase was simplified by the use of radioactive compounds.
The study indicated that the important factors influencing the release of steroid into
the receptor phase were the solubility in the vehicle and the partition coefficient of
the steroid between the vehicle and the receptor phase. Maximum release was
achieved by altering the propylene glycol content of the vehicles.

OCCLUSIVE DRESSINGS have been successfully
used to extend the therapeutic effectiveness
of topical corticosteroids (1-3). This enhanced
activity has been attributed to improved pene-
tration of the skin by the drug (1). This in-
dicates that, in certain instances, the develop-
ment of formulations that increase drug pene-
tration would be desirable.

There are two general approaches to the prob-
lem. Omne is to include in the vehicle agents
which affect the barrier function of the epidermis
so as to promote penetration of the therapeutic
compound (4-7). The other approach is to
alter the physical characteristics of the vehicle
and thus affect the diffusion of the drug from the
vehicle into the skin. As a preliminary to eval-
uating this latter effect of vehicles on skin pene-
tration, the ¢n vitro release of steroids from model
vehicles was studied.

Higuchi (8) suggested the following equiv-
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alent relationships could be used to approximate
the penetration of the barrier phase of the skin by
a drug dissolved in a topical vehicle.

40 _ D4

% = (P.C.)Cy T (Eq. 1)
4Q _ e, DA (
Et_ - ¥Ys L (Eq 2)

The terms in these equations are defined as
follows:

dQ/dt = steady rate of penetration

(P.C.) = the effective partition coefficient of
drug between skin barrier and vehicle

Cy = concentration of drug in the vehicle

D = the effective average diffusivity of the
drug in the skin barrier

A = cross-sectional area of the application
site

L = effective thickness of the skin barrier

@y = thermodynamic activity of the drug

in the vehicle





