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Pharmacokinetic-pharmacodynamic modeling algorithms, in gen-
eral, rely on hysteresis minimization techniques that assume time-
invariant pharmacodynamics (constant biophase concentration-
effect relationships). When time-variant pharmacodynamics are ob-
served, a specific model for tolerance or sensitization is required.
However, with single dosing, hysteresis that results from a time-
variant biophase concentration-effect relationship cannot be
distinguished from hysteresis caused by dispositional deiays. This
can lead to the inappropriate minimization of hysteresis. As an ap-
proach to this problem, simulated and real kinetic-dynamic data
were analyzed with the pharmacodynamic system analysis program
ATTRACT. The use of a multiple dosing regimen and this hysteresis
minimization algorithm resulted in a simple diagnostic test to distin-
guish between dispositional effects of acute tolerance and sensitiza-
tion.
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INTRODUCTION

We have examined the application of the pharmacody-
namic system analysis software, ATTRACT (1) to distin-
guish between hysteresis resulting from dispositional delays,
and hysteresis resulting from time-variant pharmacodynam-
ics. For the purpose of this discussion, dispositional delays
include: 1) any delay in the distribution of active drug to the
effect site, relative to the sampling site, 2) any delay in effect
onset caused by the linear formation of an active metabolite,
including any delay in the distribution of such a metabolite to
its effect site. Time-variant pharmacodynamics refers to a
biophase drug concentration-effect relationship that does not
obey the principle of stationarity (is not constant over time).
Most pharmacokinetic-pharmacodynamic modeling methods
are based on hysteresis minimization techniques that assume
time-invariant pharmacodynamics (no acute tolerance or
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sensitization), i.e., the hysteresis is due to dispositional fac-
tors (2). Otherwise, a parametric pharmacodynamic model
would be needed to define the pharmacodynamic time-
dependence (3). However, nonparametric hysteresis minimi-
zation algorithms that make the assumption of time-invariant
pharmacodynamics could be useful diagnostic tools for the
identification of time-variant pharmacodynamic systems if it
can be shown that the hysteresis is not due to dispositional
effects.

The theoretical framework underlying the pharmacody-
namic system analysis software, ATTRACT, has already
been described in detail (1). The system analysis approach is
primarily aimed at the prediction of drug response and not at
estimating model parameters, or structures. Basically, the
model links a predictor variable to a response. The predictor
variable (usually plasma concentration) is linearly related to
the biophase drug concentration by the convolution of the
plasma concentration-time function with an exponential
function called the conduction function. When this is a mo-
noexponential function, the first-order rate constant describ-
ing the lag to the biophase is equivalent to the rate constant
describing elimination from the effect compartment in a clas-
sical effect-compartment model, i.e. k.,. The resulting
biophase concentration is directly related to the predicted
response (or effect) by the second component of the system
analysis model, known as the transduction function. The
conduction and transduction functions can be thought of as
the dispositional and effect components, respectively, of the
system analysis model. In order to maintain consistency
with the terminology in the ATTRACT software, the terms
conduction function and transduction function have been
used in this discussion.

Although it is not crucial for some system analysis mod-
els to assume time-invariant pharmacodynamics (4), the ac-
curate minimization of hysteresis by the ATTRACT algo-
rithm depends upon this assumption. As explained by Veng-
Pedersen and Modi (1), sensitization or tolerance can result
in the incomplete minimization of the hysteresis loop by
ATTRACT because of the dependence of the transduction
function on a prior drug concentration (or predictor vari-
able). Alternatively, this situation can lead to a false collapse
of the hysteresis. The ATTRACT algorithm generates an ap-
parent biophase concentration-effect relationship (transduc-
tion data) by estimating a conduction function that would
minimize the hysteresis in the plasma drug concentration-
effect relationship. Therefore, acute sensitization of the
pharmacological effector, for example, would be treated as a
component of the conduction function and appear as a dis-
tribution lag. This is especially true for the hysteresis result-
ing from a single dose of drug.

Hysteresis loops are caused by either dispositional ef-
fects, time variant pharmacodynamics, or a combination of
the two. Therefore, if it can be shown that hysteresis is not
entirely due to dispositional effects, time-variant pharmaco-
dynamics would be implicated. The analysis of concentra-
tion-effect data from a single dose experiment does not allow
the separation of these two components. However, the anal-
ysis of data from a multiple dose scenario, exhibiting more
than one hysteresis loop, should identify whether or not the
hysteresis is caused by dispositional effects.
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METHODS

Simulation of Plasma Concentrations

An open one-compartment model with zero-order input
was used to simulate the plasma concentration-time curves
(Equation 1):

Ry

C = VoK (1 —exp ¥ whent < 1 (1)
R
C = v .OK - (1 —exp X7 - exp U when t > 1

where C, is the plasma concentration at time ¢, R, is the
zero-order of infusion, V is the volume of distribution, X is
the elimination rate constant and 7 is the duration of the
infusion (5). The same plasma concentration-time data were
used for all pharmacokinetic-pharmacodynamic simulations;
only the link model and pharmacodynamic model were
changed. In both simulation studies (sensitization and dis-
positional hysteresis), the model was dosed twice: once at 0
minutes and once at 20 minutes. This was accomplished by
applying the principle of superposition and summing the re-
sponses from each single dose. Plasma and effect samples
were taken at 0, 2, 4, 5, 10, 15, 20, 22, 24, 25, 30, 35, 40, 45,
and 50 minutes. Table I summarizes the pharmacokinetic and
pharmacodynamic parameters used for all of the simula-
tions.

Acute Sensitization of the Pharmacological Response

A multiple infusion experiment was simulated with a
hypothetical pharmacokinetic-pharmacodynamic model that
demonstrated acute sensitization of the pharmacological re-
sponse. The pharmacokinetic model was described above.
The pharmacodynamic component of the model described
an effect that increased as a function of time (f) and plasma
concentration (Cp) (Equation 2):

_ Emax - Cp)
E = (EC50 + Cp 9 @

where E, is the drug effect at time ¢, E,, . is the maximal
effect, ECs, is the plasma concentration at half-maximal ef-
fect and ¢ is an arbitrary time-variant parameter (increasing
over time to simulate sensitization) that was generated from
tla + t), where a is a function regulating the degree of
sensitization over time (7).

This time-variant pharmacodynamic model is a simple,
empirical representation of a time-dependent biophase con-
centration-effect relationship and was employed for the sole
purpose of generating hysteresis due to time-variant phar-
macodynamics. A more complex, physiologically-realistic
model of sensitization could also have been employed. The
model was dosed twice (at 0 and 20 minutes) with a five-
minute zero-order infusion of 100 mass units of drug. The
simulated data from 0 to 20 minutes (first infusion only) and
0 to 50 minutes (entire simulation) were analyzed with
ATTRACT in order to illustrate the problem associated with
a single dose experiment.
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Acute Tolerance of the Pharmacological Response

It is well known that nicotine’s effect on heart rate ex-
hibits acute tolerance (6, 7). Data from a published pharma-
cokinetic-pharmacodynamic study of tolerance to nicotine’s
effect on heart rate (3) were modeled with ATTRACT. In
these experiments, a time-variant pharmacodynamic profile
(tolerance) was observed when two intravenous infusions of
nicotine (2.5 pg/kg/minute for 30 minutes each, separated by
60 minutes) were administered to smokers. These experi-
ments resulted in successive proteresis (clockwise hystere-
sis) loops between plasma nicotine concentration and effect.
Published data from these experiments were obtained and
analyzed with ATTRACT.

Dispositional Delay

Finally, a multiple infusion experiment was simulated
with a hypothetical time-invariant pharmacokinetic-
pharmacodynamic model. The same pharmacokinetic model
as described above was used to simulate plasma concentra-
tion over time after the two infusions. A dispositional delay
to the biophase was modeled with an effect compartment
(Equation 3) (2):

Ro- Koy {(1 —exp ¥7)
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where C,, is the effect compartment drug concentration at
time ¢ and K, is the first-order rate constant governing the
disappearance of effect. The pharmacodynamic model
linked the concentration of drug in the effect compartment to
effect via a standard E,_,, model (Hill coefficient of 1, see
Table I for parameter values). Therefore, both hysteresis
loops were caused solely by a delay in distribution of drug to
the biophase, relative to the plasma. Data from the entire
simulation were modeled with the ATTRACT algorithm.

RESULTS AND DISCUSSION

The plasma concentration-effect relationship resulting
from the sensitization simulation is shown in Figure 1. The
pharmacodynamic system analysis resulted in a complete

Table I. Pharmacokinetic and Pharmacodynamic Model Parameters
Used in the Simulation of Concentration-Effect Data®

Rate  Duration
Dose  (Ry) (1) \Y% K Koo Emnax ECso a
100 20 5 10 0.08 0.1 1 10 50

“All parameter values are expressed in arbitrary units of mass and
volume. Time is in minutes; dosing rate (amount/minute), dosing
interval (minutes), and rate constants (minutes ~').



Use of Pharmacodynamic System Analysis to Determine Cause of Hysteresis

collapse of the first hysteresis loop (0 to 20 minutes) (Figure
2). However, when the entire data set, including both hys-
teresis loops, was analyzed with the ATTRACT algorithm,
the resulting biophase concentration-effect relationship was
not completely collapsed (Figure 3). In fact, some proteresis
(clockwise hysteresis) is evident in the second loop. This is
due to the under-estimation of the conduction function rate
constant when the first loop is collapsed. Sensitization is
hidden as a component of the conduction function, so the
rate of conduction (distribution to and from the biophase)
appears to be slower than it actually is (appears as greater
time lag to the biophase). Since the model is a linear system
and follows superposition, the model biophase concentration
lingers longer than the actual biophase concentration does.
Thus the model over-estimates the biophase concentration at
the late time points, leading to proteresis. A time-variant
transduction function cannot be hidden by the conduction
function in a multiple dose experiment because the changing
transduction function would necessitate a different conduc-
tion function for each hysteresis loop.

The model used for this simulation is a simplistic repre-
sentation of sensitization. A complex sensitization model,
such as a positive feedback model, is probably more physi-
ologically realistic, and might result in data that would make
the distinction between dispositional effects and time-variant
pharmacodynamics more difficult. However, even the sim-
ple empirical model used here provides the most important
component; a transduction function that is not constant with
time.

Acute tolerance also prevents the complete collapse of
proteresis loops by the pharmacodynamic system analysis
algorithm. The nicotine plasma concentration-effect rela-
tionship after successive intravenous infusions exhibits two
proteresis loops. When these data were analyzed with
ATTRACT, the result was the inability to collapse the pro-
teresis (Figure 4). In the absence of any dispositional delays,
acute tolerance results in an effect-time curve that reaches a
maximum before the plasma concentration-time curve does.
It is impossible by a convolution type operation to arrive at
a biophase concentration-time curve that peaks earlier than
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Figure 1: Model-simulated plasma concentration-effect relationship
of a multiple infusion experiment showing sensitization. The phar-
macodynamic model in this simulation generated an effect which
was proportional to plasma drug concentration and sensitized with
time. Effect and concentration are expressed in arbitrary units. Ar-
rows indicate the sequence of events over time.
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Figure 2: Pharmacodynamic system analysis of one dose from the
model-simulated multiple infusion experiment with sensitization.
Data from the first loop (0 to 20 minutes) of the multiple hysteresis
shown in Figure 1 were analyzed with ATTRACT. The resulting
biophase concentration-effect relationship is shown. Effect and con-
centration are expressed in arbitrary units. Arrows indicate the se-
quence of events over time.

the plasma concentration-time curve when plasma concen-
tration is the predictor variable. Thus, tolerance cannot be
accounted for by a linear convolution type of conduction
function.

Finally, a time-invariant pharmacokinetic-pharmaco-
dynamic relationship was analyzed with the pharmacody-
namic system analysis. The multiple infusion experiment
simulated with the distribution lag model resulted in succes-
sive hysteresis loops (Figure 5). The hysteresis loops were
completely collapsed with the ATTRACT algorithm (Figure
6). This is to be expected, since both the transduction and
conduction functions are constant over time.

Although it is difficult to distinguish between disposi-
tional hysteresis and hysteresis due to time-variant pharma-
codynamics with data from a single dose study, pharmaco-
dynamic system analysis of a multiple dose experiment al-
lows for such a distinction, providing a semi-diagnostic tool.
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Figure 3: Pharmacodynamic system analysis of the model-simulated
multiple infusion experiment with sensitization. The entire data set
(0 to 50 minutes) from the multiple hysteresis simulation shown in
Figure 1 was analyzed with ATTRACT. The resulting biophase con-
centration-effect relationship is shown. Effect and concentration are
expressed in arbitrary units. Arrows indicate the sequence of events
over time.
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Figure 4: Pharmacodynamic system analysis of a multiple infusion
experiment demonstrating acute tolerance to nicotine’s effect on
heart rate. The biophase concentration-effect relationship resulting
from the attempted hysteresis minimization of published nicotine
plasma concentration-effect data is shown. Arrows indicate the se-
quence of events over time.

Two of the examples described above do not incorporate
experimental error and it is important to note that small time-
variant effects could be difficult to identify with ‘‘noisy”’
data. Pronounced time-variant pharmacodynamics however,
should easily be distinguished from pre-steady state distri-
bution (dispositional) effects with this multiple-dose tech-
nique. It is also important to remember that these conclu-
sions are only valid if basic assumptions (time-invariant lin-
ear drug distribution from the sampling site to the biophase
and immediate, reversible transduction of the biophase drug
concentration to a response) of the pharmacodynamic sys-
tem analysis algorithm are met.

While the minimization of a single-dose hysteresis loop
allows the simulation of observed effect after one dose, it
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Figure 5: Simulation of hysteresis resulting from a multiple dose
experiment with a time-invariant pharmacodynamic model and a
biophase distribution delay. Effect and concentration are expressed
in arbitrary units. Arrows indicate the sequence of events over time.
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Figure 6: Pharmacodynamic system analysis of a model-simulated
multiple infusion experiment demonstrating hysteresis due to a dis-
positional delay. The simulated data from Figure 5 were analyzed
with ATTRACT and the resulting biophase concentration-effect re-
lationship is shown. Effect and concentrations are expressed in ar-
bitrary units. Arrows indicate the sequence of events over time.

does not accurately describe the hysteresis and will not pre-
dict the effect observed after multiple dose. The pharmaco-
dynamic system analysis of multiple-dose experiments pro-
vides a means of extending the hysteresis minimization ap-
proach and the information gained.

ACKNOWLEDGMENTS

The authors thank Dr. Peter Veng-Pedersen for kindly
providing the ATTRACT software and for his advice on its
application to this research. Marc R. Gastonguay was sup-
ported by a pre-doctoral Intramural Research Training
Award from the National Institute on Drug Abuse, Addiction
Research Center, Baltimore, MD.

REFERENCES

1. P. Veng-Pedersen, and N. Modi. Pharmacodynamic system anal-
ysis of the biophase level predictor and the transduction func-
tion. J. Pharm. Sci. 81:925-934, 1992.

2. N. H. G. Holford and L. B. Sheiner. Understanding of dose-
effect relationship: Clinical application of pharmacokinetic-
pharmacodynamic models. Clin. Pharmacokinet. 6:429-453,
1981.

3. H. C. Porchet, N. L. Benowitz, and L. B. Sheiner. Pharmaco-
dynamic model of tolerance: Application to nicotine. J. Phar-
macol. Exp. Ther. 244:231-236, 1988.

4. P. Veng-Pedersen, and N. Modi. A system approach to pharma-
codynamics. Input-effect control system analysis of central ner-
vous system effect of alfentanil. J. Pharm. Sci. 82:266-272, 1993.

5. M. Gibaldi and D. Perrier, Pharmacokinetics, 2nd edition, Mar-
cel Dekker, Inc.: New York, 1982.

6. H. C. Porchet, N. L. Benowitz, L. B. Sheiner and J. R. Cope-
land. Apparent tolerance to the acute effect of nicotine results in
part from distribution kinetics. J. Clin. Invest. 80:1466—1471,
1987

7. N. L. Benowitz. Pharmacokinetics and pharmacodynamics of
nicotine, in Pharmacology of Nicotine, ICSU Symposium Se-
ries, 9, 1988.



