Chapter 12
Classical Pharmacodynamics

The master of the oracle at Delphi does not say anything and
does not conceal anything, only hints.

Heraclitus of Ephesus (544-483 BC)

Receptors are the most important targets for therapeutic drugs [570]. Therefore, it
is important to explore the mechanisms of receptor modulation and drug action in
intact in vivo systems. Also, the need for a more mechanism-based approach in
pharmacokinetic-dynamic modeling has been increasingly recognized [571, 572].
Hill [573] made the first explicit mathematical model of simulated drug action to
account for the time courses and concentration—effect curves obtained when nicotine
was used to provoke contraction of the frog rectus abdominis muscle.

Simple mathematical calculations by the first pharmacologists in the 1930s
indicated that structurally specific drugs exert their action in very small doses and
do not act on all molecules of the body but only on certain ones, those that constitute
the drug receptors. For example, Clark [574] calculated that ouabain applied to
the cells of the heart ventricle, isolated from the toad, would cover only 2.5%
of the cellular surface. These observations prompted Clark [574, 575] to apply
the mathematical approaches used in enzyme kinetics to the effects of chemicals
on tissues, and this formed the basis of the occupancy theory for drug-—receptor
interaction. Thus, pharmacological receptor models preceded accurate knowledge
of receptors by many years.

12.1 Occupancy Theory in Pharmacology

According to the occupancy theory, which has evolved chronologically from the
original work of Clark [574, 575], the drug effect is a function of two processes:

* binding of drug to the receptor and drug-induced activation of the receptor, and

e propagation of this initial receptor activation into the observed pharmacological
effect, where the intensity of the pharmacological effect is proportional to the
number of receptor sites occupied by drug.
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Therefore, the drug—receptor interaction follows the law of mass action and may
be represented by the equation

k1

y [drug molecules] + [receptor] & [drug—receptor complex] 12
k1 .

k
[drug—receptor complex] = [pharmacological effect],

where y molecules of drug activate a receptor and give an activated receptor
usually called the drug-receptor complex. Although y is defined as the number of
molecules interacting with one receptor, it is in practice merely used to provide
better data fits. Rate constants k., k—; characterize the association and dissociation
of the complex, respectively. The ratio k_;/k4 is defined in pharmacology as the
dissociation constant kp of the complex. The proportionality constant k, relates the
drug-receptor complex concentration v (f) with the pharmacological effect E (¢),
through the equation

E@) =kv(). (12.2)
When the total number of receptors ry is occupied, the effect will be maximal:
Enax = koro. (12.3)
For drug concentration ¢ () and a total receptor concentration ry we thus have
U (1) = kyrc? (1) [ro — v ()] —k—1v (), v (0) = 0. (12.4)
In the equilibrium state (U (f) = 0 assumption H1) we have

r()C*y
kD + C*y ’

*

v (12.5)

where ¢*, v* are the drug and drug-receptor complex concentrations in the
equilibrium, respectively. By combining the last equation with (12.2) and (12.3),
we obtain the working equation for the so-called sigmoid E\,,x model:

Em'dXC*y

Ef= "7
kD—i-C*y,

(12.6)
where E* is the pharmacological effect at equilibrium. From the last equation, it
can be seen that the dissociation constant kp expresses also the y-power of drug
concentration needed to induce half maximal effect (E,x/2). When y is set to 1,
the model is called the basic En,x model, but this model offers less flexibility in the
shape of the function compared to the sigmoid Ey;,x model.

Assuming relatively rapid drug-receptor equilibrium with respect to ¢ () varia-
tions, then ¢* ~ ¢ (¢) (assumption H2), so the previous equation becomes
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Enaxc? (t)

0= oo

12.7)

where E* (¢) indicates that the effect is driven by the pharmacokinetic time.
With y = 1, (12.6) has been used extensively in pharmacology to describe the
effect of chemicals on tissues in the modified form:

*
Eroc

Ef=————

kD + C* ’

where ¢ is the intrinsic efficacy (inherent ability of the chemical to induce a
physiological response). In other words, ¢ is the proportionality constant k, relating
the receptor density ry with the maximal effect E,,x (12.3). In order to avoid the use
of the efficacy term (due to its ad hoc nature), Black and Leff [576] introduced in
1983 the operational model of drug action

« _ PEmaxc”
Ckp+(p+ D’

where p is equal to the ratio of the receptor density over the concentration of the
complex that produces 50% of the maximal tissue response. In reality, this constant
ratio characterizes the propensity of a given chemical-tissue system to yield a
response.

Since the development of the occupancy theory, the mathematical models used
to explain the action of ligands at receptors have been subject to continuous
development prompted by new experimental observations. Currently, pharmaco-
logical studies deal with drug—receptor or drug—tissue interactions to get estimates
for receptor (tissue) affinity and capacity. Thus, the operational model enjoys
widespread application in the field of functional receptor pharmacology [577].
Although this model is routinely applied to in vitro studies, the estimates for receptor
affinity and capacity can be used for prediction of the effect in vivo. In principle, kp
should be of the same order as the unbound Ecé’o, where Ecs is the concentration
at half maximal effect in vivo. In this context, Visser et al. [578] correlated the in
vitro measurements with in vivo observations in rats when studying the effect of
y-aminobutyric acid receptor modulators on the electroencephalogram.

12.2 Empirical Pharmacodynamic Models

Combined pharmacokinetic-dynamic studies seek to characterize the time course of
drug effects through the application of mathematical modeling to dose—effect—time
data. This definition places particular emphasis on the time course of drug action.
Pharmacodynamics is intrinsically related to pharmacokinetics, which encompasses
the study of movement of drugs into, through, and out of the body. The term
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pharmacodynamic models exclusively refers to those models that relate drug
concentration with the pharmacological effect.

The most common function used to relate drug concentration ¢ with effect is the
Enax model:

y
= Ey‘“—c (12.8)
Ecy, + ¢
where E.c is the maximum effect and Ecsy is the concentration at half the
maximal observable in vivo effect. Equation (12.8) corresponds to (12.6) with Ecls/0
substituting kp. It is also clear that (12.8) is a static nonlinear model in which ¢
corresponds to the equilibrium point ¢*. If we consider ¢ as a time course c (),
we must implicitly assume that equilibrium is achieved rapidly throughout ¢ (¢), so
¢* = ¢ (¢) (assumption H2).
If a baseline E| is introduced to the previous equation,

y

E=Ey 4
Ecyy + ¢
we obtain the Ey,,x model describing either stimulation or inhibition of the effect by
the concentration of the drug. Parameters E,, Ecsy, and y are assumed constant
and independent of the drug dose as well as the drug and receptor concentrations.

Other simpler empirical models have also been used since the early days of phar-
macodynamics [579, 580] to describe the drug concentration—effect relationship.
The linear model relies on a linear relationship between E and c:

E=ac+ B, (12.9)

where « is the slope indicating the sensitivity of the effect to concentration changes.
The intercept B can be viewed as the baseline effect. Equation (12.9) reveals that the
linearity between ¢ and E is unlimited, and this feature is undoubtedly a drawback
of the model. Besides, a log-linear model between E and ¢ can also be considered:

E =walog(c) + B. (12.10)

Due to the logarithmic expression of concentration in this model a larger concentra-
tion range is related “linearly” with the effect. As a rule of thumb, 20 to 80% of the
concentration range of the Ey;,x model can be approximately described with (12.10).

Although these empirical approaches may quantify and fit the data well, they do
not offer a physical interpretation of the results.
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12.3 Pharmacokinetic-Dynamic Modeling

In the mid-1960s, G. Levy [579, 580] was the first to relate the pharmacokinetic
characteristics with the in vivo pharmacological response of drug using the above-
mentioned linear models. In fact, as the pharmacological responses E (f) and
the drug concentration ¢ (f) can be observed simultaneously and repeatedly as a
function of time, a combined pharmacokinetic-dynamic model is needed to describe
these time courses. From the simple models, the discipline of pharmacokinetic-
dynamic modeling emerged gradually, and in actuality even complex physiological
processes controlling drug response can be modeled. The key mechanisms intrinsic
to pharmacokinetic-dynamic models are the following:

* the processes may take place under either equilibrium or nonequilibrium condi-
tions for the pharmacodynamic part,

* the binding of drug with the receptor may either be reversible or irreversible, and

 the bound drug may induce its effect directly or indirectly.

A general scheme for the basic components of pharmacokinetic-dynamic models
is depicted in Figure 12.1. According to this scheme, the drug at the prereceptor
phase is considered to distribute to an effect compartment; then it reacts with
the receptors under equilibrium (direct link, assumption H3) or nonequilibrium
(indirect-link) conditions, and finally, at the postreceptor phase, the activated
receptors can either produce the response directly (direct response, assumption H4)
through the transducer function 7 (which is usually a proportionality constant like
ky in equation 12.1) or they can interfere with an endogenous or already existing
process that produces the final response (indirect response). In fact, all the processes
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Fig. 12.1 Schematic of the basic processes involved in pharmacokinetic (PK)-dynamic (PD)
models. The phases I, II, and III refer to processes that take place in the prereceptor, receptor,
and postreceptor proximity, respectively. The symbols are defined in the text
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of the general model depicted in Figure 12.1 are not necessarily incorporated in the
final model used in practice. Almost always, one of these steps is considered to be
the limiting one, and the model reduces to one of the basic models described below.

12.3.1 Link Models

During the first decades of the development of pharmacokinetic science, a lag
time in pharmacological response after intravenous administration was often treated
by applying a compartmental approach. If the plasma concentration declined in a
biexponential manner, the observed pharmacodynamic effect was fitted to plasma
or “tissue” compartment concentrations. Due to the lag time of effects, a successful
fit was sometimes obtained between effect and tissue drug level [581]. However,
there is no a priori reason to assume that the time course of a drug concentration
at the effect site must be related to kinetics in tissues that mainly cause the
multiexponential behavior of the plasma time—concentration course. A lag time
between drug levels and dynamic effects can also occur for drugs described by a
one-compartment model.

Segre [582] was the first author to consider the possibility that the time course
of pharmacological effect could itself be used to describe the transfer rate of a
drug to the biophase. Thus, the lag time of the effect was modeled by including
two hypothetical tissue compartments between the plasma compartment and the
pharmacodynamic response compartment.

The idea of Segre was further developed, in an elegant way, by Sheiner and
associates [583, 584] by linking the effect compartment to a kinetic model. This
approach has since been called the link model. The time course of the drug in
the effect site is determined by the rates of transfer of material into and from the
effect compartment; the lag time of the effect-site concentration is controlled by the
elimination rate constant of the effect compartment. The beauty of this approach
is that instead of relating the pharmacodynamic response to drug concentrations in
some more or less well-defined tissue, it is related to the plasma drug level, which
in clinical practice is of great importance.

12.3.1.1 Direct Link

Strictly speaking, pharmacodynamic models are employed to relate the receptor
site drug concentration to pharmacological response at any given time using data
mainly from in vivo experiments. However, the receptor site drug concentration
normally cannot be measured directly. Thus, the simplest pharmacokinetic-dynamic
mechanistic model arises from assuming that the drug concentration in the blood,
¢ (t) (far left compartment of Figure 12.1), is the same at the receptor site, y (7).
Strictly speaking, this assumption expresses a prereceptor equilibrium (H3) and the
resulting model does not utilize concentrations at the effect site.
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Further, under equilibrium conditions H1, we can use (12.6) to relate the
pharmacological effect E* with the drug concentrations ¢*, or in addition, use (12.7)
to relate the time courses E* () and ¢* (f) under the supplementary assumption H2.
Thus, the simplest mechanistic models are once again the basic and the sigmoid
Eax models, but now they have a specific physical interpretation in terms of drug—
receptor reaction kinetics.

As is implicit from all the above, the measured concentration in plasma is
directly linked to the observed effect for these simple mechanistic, pharmacokinetic-
dynamic models. Accordingly, these models are called direct-link models since the
concentrations in plasma can be used directly in (12.6) and (12.7) for the description
of the observed effects. Under the assumptions of the direct-link model, plasma
concentration and effect maxima will occur at the same time, that is, no temporal
dissociation between the time courses of concentration and effect is observed. An
example of this can be seen in the direct-link sigmoid E;,,x model of Racine-Poon
et al. [585], which relates the serum concentration of the anti-immunglobulin E
antibody CGP 51901, used in patients for the treatment of seasonal allergic rhinitis,
with the reduction of free anti-immunglobulin E.

Under the assumptions of the direct-link model, neither a counterclockwise
(Figure 12.2) nor a clockwise hysteresis loop (Figure 12.4) will be recorded in an
effect vs. concentration plot. In principle, the shape of the effect vs. concentration
plot for an ideal direct-link model will be a curve identical to the specific
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Fig. 12.2 Normalized effect—plasma drug concentration state space for the indirect-link model. As
time flows (indicated by arrows) a counterclockwise hysteresis loop is formed. The rate constant
for drug removal from the effect compartment k, characterizes the temporal delay, that is, the
degree of hysteresis
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pharmacodynamic model, relating effect with concentration, e.g., linear for a linear
pharmacodynamic model, sigmoid for the sigmoid E,,x model etc.

12.3.1.2 Indirect Link: The Effect-Compartment Model

In the direct-link model, concentration—effect relationships are established without
accounting for intrinsic pharmacodynamic temporal behavior, and relationships
are valid only under the assumption of effect site, prereceptor equilibrium H3.
In contrast, indirect-link models are required if there is a temporal dissociation
between the time courses of concentration and effect, and the observed delay in
the concentration—effect relationship is most likely caused by a functional delay
between the concentrations in the plasma and at the effect site.

When a lag time of E () is observed with respect to the ¢ (¢) time course, the
use of a combined pharmacokinetic-dynamic model, the indirect-link model, is
needed to relate the drug concentration c¢ (¢) to the receptor site drug concentration
v () (which cannot be measured directly) and the y(¢) to the pharmacological
response E (t).!

The effect-compartment model relaxes the assumption H3 and it stems from the
assumption of prereceptor nonequilibrium between drug concentration in the blood
or plasma c (f) and the receptor site y (f). According to this model, an additional
compartment is considered, the effect (or biophase) compartment, and concentration
v (¢) in that compartment reacts with the receptors, Figure 12.1.

Notation:

* V. and V, denote the apparent volumes of distribution of the plasma and effect
compartments, respectively.

* k. and k, denote the first-order rate constants for the drug transfer from plasma
to effect site and for drug elimination from the effect site, respectively.

Then assuming that the mass-flux equality holds for the effect compartment, i.e.,
Veke = Vyky, the drug concentration y (¢) in the effect compartment can be described
by the linear differential equation

y(®) =ky[e (@) —y(@)], y(0) =0. (12.11)

This equation can be solved by applying the Laplace transformation and convolution
principles (cf. Appendix E):

y() =ky (1), (12.12)

'In the classical pharmacokinetic-pharmacodynamic literature, the effect-site concentration and
the effect-site elimination rate constant are denoted by cg and kg, respectively. Here, the symbols
y (1) and k, are used instead.
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where y (¢) is defined as the apparent effect site drug concentration and it is given by

y() = /Olc (') exp[—k, (t— )] dr’.

The time symbols ¢, ¢ denote the temporal dissociation between the time courses of
concentration and effect, respectively. For various types of drug administration, the
function c () is known and therefore analytic solutions for y (f) have been obtained
using the integral defined above. Substituting (12.12) into (12.7), we obtain the
fundamental equation for the E\,,x indirect-link model:

Enaxd” (1)

E* (1) = o D
D=0

(12.13)

where V50 is the apparent effect site drug concentration producing 50% of the
maximum effect.

In this model, the rate constant k, was originally considered to reflect a
distributional delay of drug from plasma to the effect compartment. However, it
can also be regarded as a constant producing the delay in effects in relation to
plasma, irrespective of whether this is caused by distributional factors, receptor
events, production of a mediator of any kind, etc.

The basic feature of the indirect-link model is the counterclockwise hysteresis
loop that is obtained from plotting the observed values of the effect vs. the observed
plasma drug concentration values, Figure 12.2. In other words, the effect is delayed
compared to the plasma drug concentration and this is reflected in the effect—
concentration state space.

Numerous applications of pharmacokinetic-dynamic models incorporating a
biophase (or effect) compartment for a variety of drugs that belong to miscellaneous
pharmacological classes, e.g., anesthetic agents [586], opioid analgesics [587-589],
barbiturates [590, 591], benzodiazepines [592], antiarrhythmics [593], have been
published. The reader can refer to a handbook [594] or recent reviews [572] for a
complete list of the applications of the biophase distribution model.

In actual practice, nonlinear regression is used to fit a suitable pharmacoki-
netic model described by the function ¢ (¢) to time—concentration data. Then, the
estimated parameters are used as constants in the pharmacodynamic model to
estimate the pharmacodynamic parameters. Alternatively, simultaneous fitting of
the model to the concentration—effect—time data can be performed. This is recom-
mended as ¢ (f) and E () time courses are simultaneously observed.

Example 10. Bolus Intravenous Injection

An example of the indirect-link model after bolus intravenous injection can be
seen in Figure 12.3. The arrow indicates time flow. Each point represents a uniquely
defined state and only one trajectory may pass from it. The state space has a point
attractor, i.e., a steady state, which is obviously the point (¢ = 0, E* = 0) reached
at theoretically infinite time. Three different initial conditions of the form ¢ (0) =
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qo0/ V., E* (0) = 0, are used to generate three different trajectories, all of which end
up at the point attractor. The integrated equations of the system are

() = 3/—‘1 exp (—kt) ,

o [exp (—kr) — exp (—ky1)]

V. K —k ’
* _ Emaxy (1)

FO= o

y =

where g is the dose, V. and k are the volume of distribution and the elimination rate
constant for pharmacokinetics, k, is the effect-site elimination rate constant, Epax

is the maximum effect, and Vs is the concentration at which 50% of the maximum
effect is observed. Parameter values were set at
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V.=1, k=0.1,
ky =0.5, Enax = 1, y50 = 0.7.

where all units are arbitrary. l

12.3.2 Response Models

Time is not an independent variable in the presented models. Dynamic behavior is
either a consequence of the pharmacokinetics or the observed lag time by means of
the effect compartment. Dynamic models from the occupancy theory and described
by differential equations, such as (12.4), are scarce [595, 596].

Neglecting dynamic models in pharmacodynamics [597] is perhaps due to the
fact in that instant equilibrium relationships between concentration and effect appear
to occur for most drugs. For some drugs, such as cytotoxic agents, this delay is often
extremely long, and attempts to model it are seldom made. One can describe these
relationships as time-dissociated or nondynamic because the temporal aspects of the
effect are not linked to the time—concentration profile.

In recent years, new models overcoming these defaults have been developed
as the indirect physiological models introduced by Jusko and associates [598].
According to this last type of model, an endogenous substance or a receptor
protein is formed at a constant rate and lost with a first-order rate constant. The
drug concentration in plasma produces an effect by either stimulating or inhibiting
the synthesis or removal of the endogenous substance leading to a change in the
observed pharmacodynamic effect described by a suitable pharmacodynamic model.

12.3.2.1 Direct Response

The standard effect-compartment model, usually characterized as an atypical
indirect-link model, also constitutes an example of what we will call a direct-
response model in contrast to the indirect-response models. Globally, the standard
direct-response models are models in which ¢ (¢) affects all dynamic processes only
linearly.

12.3.2.2 Indirect Response

Ariens [599] was the first to describe drug action through indirect mechanisms.
Later on, Nagashima et al. [600] introduced the indirect-response concept to
pharmacokinetic-dynamic modeling with their work on the kinetics of the antico-
agulant effect of warfarin, which is controlled by the change in the prothrombin



354 12 Classical Pharmacodynamics

complex synthesis rate. Today, indirect-response modeling finds extensive applica-
tions especially when endogenous substances are involved in the expression of the
observed response.

From a modeling point of view, the last equilibrium assumption that can be
relaxed, for the processes depicted in Figure 12.1, is H4, between the activated
receptors (v variable in the occupancy model) and the response E. Instead of
the activated receptors directly producing the response, they interfere with some
other process, which in turn produces the response E. This mechanism is usually
described mathematically with a transducer function 7 which is no longer linear (cf.
Section 12.4.1). This type of pharmacodynamic model is called indirect response
and includes modeling of the response process usually through a linear differential
equation of the form

E () = kigi (1) — kogo (D E (1), E(0) = ki/ko, (12.14)

where k, is a first-order rate constant, and k; represents an apparent zero-order
production rate of the response. Stationarity conditions set the initial response value
E (0) at the ratio k;/k,. Functions g; (¢) and g, (¢) depend on the drug concentration
through Ep,x functions and can produce either stimulation or inhibition, respec-
tively:

ey =14 Smc® Ly o e ®

—_— 12.15
Scso + ¢ (2) Icso + ¢ (2) ( )

In these expressions, g (¢) is either g; (f) or g, (), Smax 1S maximum stimulation
rate, I« 1S maximum inhibition rate with I,,x < 1, Scsp and Icsy are the drug
concentrations at which g (f) = 1 4 (Spax/2) and g (f) = 1 — (Iax/2), respectively.
Consequently, four basic models are formulated: inhibition of k;, inhibition of k,,
stimulation of k;, and stimulation of k,, Figure 12.1.

This family of the four basic indirect-response models has been proven to
characterize diverse types of pharmacodynamic effects and it constitutes the current
approach for pharmacokinetic-dynamic modeling of responses generated by indirect
mechanisms. Thus, indirect-response models have been used to interpret the antico-
agulant effect of warfarin, adrenal suppression by corticosteroids, cell trafficking
effects of corticosteroids, the antipyretic effect of ibuprofen, aldose reductase
inhibition, etc. [601]. Basically, the indirect-response concept is appropriate for
modeling the pharmacodynamics of drugs that act through inhibition or stimulation
of the production or loss of endogenous substances or mediators.

However, the general model described above is considered to be mechanistic.
It is opposed to the completely empirical approach, since it is based on a general
physiological process like receptor activation. But it is too general and abstract
to describe complicated drug processes. Stimulation and inhibition of a baseline
through the saturable E.,x function is often not enough, since drugs interplay
with complicated physiological processes. Thus, during the last ten years Jusko’s
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group and other investigators have expanded the application of indirect-response
mechanisms to real mechanistic pharmacodynamic modeling and have included
detailed modeling of the underlying physiology and then modeled the effect of
drugs on it. These models are called extended indirect-response models [602] and
they have been used to describe tolerance and rebound phenomena [603], time-
dependency of the initial response [604, 605], cell trafficking dynamics [606], etc.

It is rather obvious that an indirect-response mechanism, whatever the detailed
processes involved, results in a counterclockwise hysteresis loop for the effect—
concentration relationship, Figure 12.2. Here, however, the elaboration of the
observed response is usually secondary to a previous time-consuming synthesis
or degradation of an endogenous substance(s) or mediator(s). Since both the
indirect-link and indirect-response models have counterclockwise hysteresis effect—
concentration plots, an approach based on the time of the maximum effect has been
applied to furosemide data [607] for indirect (link or response) model selection.

When one looks into the basic functions of the link and indirect-response models,
it is clear that one of the differences resides in the input functions to the effect and
the receptor protein site, respectively. For the link model a linear input operates
in contrast to the indirect model, where a nonlinear function operates. For the
link model the time is not directly present and the pharmacological time course
is exclusively dictated by the pharmacokinetic time, whereas the indirect model has
its own time expressed by the differential equation describing the dynamics of the
integrated response.

12.4 Other Pharmacodynamic Models

A number of other pharmacodynamic approaches focusing either on prereceptor or
postreceptor events have been proposed in the literature and are discussed below.

12.4.1 The Receptor-Transducer Model

First, mention can be made of cases in which the measured effect, instead of
being proportional to the activated receptors, follows a more general function
E =T (v). This model is called receptor—transducer and was introduced by Black
and Leff [576]. The function 7T is called a transducer function and its most common
form is yet again the E\,,x function, which when replaced in (12.5) results in an Eyax
model but with different shape parameters called an operational model [608].
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12.4.2 Irreversible Models

All the above-mentioned pharmacokinetic-dynamic models are characterized by
reversibility of the drug-receptor interaction. In several cases, however, drug
action relies on an irreversible bimolecular interaction; thus, enzyme inhibitors
and chemotherapeutic agents exert their action through irreversible bimolecular
interactions with enzymes and cells (bacteria, parasites, viruses), respectively.

The irreversible inactivation of endogenous enzymes caused by drugs, e.g., the
antiplatelet effect of aspirin after oral administration [609], the 5a-reductase inhi-
bition by a new nonsteroidal inhibitor [610], and the HT, Kt-ATPase inactivation
by proton pump inhibitors [611], is modeled with turnover models. The simplest
model [609] includes terms for the production rate k; and loss rate k, of the
response E, coupled with a function g (c) representing the change of plasma or
effect-compartment drug concentration:

E()=k—lk+g©O]EQ).

where k; and k, have the same meaning as defined for (12.14) while the function
g (c) is either linear or of Michaelian type.

The models used for the irreversible effects of chemotherapeutic agents quantify
the response E (f) in terms of the cell number since irreversible inactivation leads to
cell killing. In these models, the function of the natural proliferation of cells r (E) is
combined with the cell-killing function g (c¢), which again represents the change of
plasma or effect-compartment drug concentration:

E@) =r(E)—g()E(®).

The function r (E) can take various forms describing the natural growth of the cell
population in the absence of drug [539, 612], while g (c) can be either linear or
nonlinear [602, 613, 614]. Due to the competitive character of the functions r (E) and
g (¢), the cell number vs. time plots are usually biphasic with the minimum effective
concentration of drug being the major determinant for the killing or regrowth phases
of the plot.

12.4.3 Time-Variant Models

Contrary to the already mentioned models, which include constant parameters,
pharmacodynamic models may include time-varying parameters as well. Typical
examples include models of drug tolerance or sensitization, where the parameters
vary as a function of the dosing history. Other examples concern modeling of
circadian rhythms where parameters depend explicitly on time through biological
clocks, e.g., the baseline of a pharmacological response, and it is necessary to
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Fig. 12.4 Normalized effect—plasma drug concentration state space for tolerance phenomena. As
time flows (indicated by arrows) a clockwise hysteresis loop is formed

include periodicity in the pharmacokinetic-dynamic modeling. This is usually done
by empirical periodic functions directly on the baseline, such as trigonometric
functions, for example. An example is the effect of fluticasone propionate on cortisol
[605]. All models associated with these phenomena are called time-variant.

12.4.3.1 Drug Tolerance

This phenomenon is characterized by a reduction in effect intensity after repeated
drug administration. The explanation for the diminution of the effect as a function of
time is attributed either to a decrease in receptor affinity or a decrease in the number
of receptors. These changes result in a clockwise hysteresis loop when the effect
is plotted vs. the plasma concentration, Figure 12.4. Usually, tolerance phenomena
are discussed with respect to the E.,,x model. In this case, tolerance is associated
with either a decrease in E},,x over time or an increase in Ecg’0 over time (12.8). An
example of this kind of time dependency is the work of Meibohm et al. [615] on the
suppression of cortisol by triamcinolone acetonide during prolonged therapy.

Apart from the decrease in the number or affinity of the receptors, more
complex mechanisms have been proposed for tolerance phenomena. In the so-called
counterregulation models, the development of tolerance is driven by the primary
effect of drug perhaps via an intermediary transduction step. This mechanism was
postulated by Bauer and Fung [616] for hemodynamic tolerance to nitroglycerine.



358 12 Classical Pharmacodynamics

According to these authors, initial nitroglycerin-induced vasodilatation controls the
counterregulatory vasoconstrictive effect. Moreover, the desensitization of receptors
can reduce the drug effects on prolonged exposure. The receptor-inactivation theory
[617] can be used to model this mechanism.

12.4.3.2 Drug Sensitization

This term is used to describe the increase in pharmacological response with time
to the same drug concentration. The up-regulation of receptors is considered to
be the primary cause for sensitization. This phenomenon is observed when the
negative feedback of an agonist is removed. A clinical example of sensitization is
the chronic administration of beta-blockers, which induces up-regulation of beta-
adrenoreceptors. This leads to increased adenyl cyclase activity and hypersensitivity
to catecholamines after sudden withdrawal of the antagonist [618]. Due to the
increase of the effect over time in sensitization phenomena, the effect—plasma
concentration plots have a counterclockwise hysteresis loop, Figure 12.2.

12.4.4 Dynamic Nonlinear Models

Using the approach of Sheiner and Verotta [619], a large number of pharmaco-
dynamic models can be considered as hierarchical models composed of a series
of submodels. These submodels are linear or nonlinear, static or dynamic input—
output, elementary models. Several possible combinations of such submodels have
been considered, but they have systematically associated the linear with dynamic
features, and the nonlinear with static ones. Is there hesitation or fear of using
nonlinear dynamics in the traditional pharmacokinetic-dynamic modeling context?

The most interesting case arises by removing assumption H1, i.e., when the
reaction between drug and receptor is not at equilibrium [595]. This happens when
relatively slow rates of association and dissociation of the complex are observed.
Under these conditions, a slow dynamic receptor-binding model is most applicable.
By maintaining the proportionality between the effect and the concentration of the
drug-receptor complex, (12.4) can be written in terms of the effect

E(t) = ks 16" (1) [Emax — E(0)] — k_1E (1), E(0) = 0. (12.16)

This equation is a nonlinear differential equation describing the time course of the
effect and using an intrinsic pharmacodynamic time. An application of this model
can be found in the work of Shimada et al. [596], who applied the drug-receptor
nonequilibrium assumption to model the pharmacodynamics of eight calcium
channel-blocking agents in hypertensive patients on the basis of their in vitro
binding data. This model is rarely used because it produces profiles similar to the
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Table 12.1 Assumptions and operable equations for the pharmacokinetic-
dynamic models. The hysteresis column “Hyster” refers to the graph of the
effect—concentration plot.

Model Prereceptor | Receptor | Postreceptor | Hyster
Empirical Ep,x None 12.8 None No
Indirect link 12.11 12.13 None Yes
Indirect response | Equilibrium | 12.15 12.14 Yes
Transducer None None E@®)=T() |-
Nonlinear Equilibrium | 12.16 None Yes

indirect-link model described above. However, the drug—receptor nonequilibrium
model has more theoretical and practical interest since more complex solutions are
also feasible by adding a feedback component to the effect of the drug [620]. The
resulting model has a very rich dynamic behavior and is the essence of Chapter 13.

Table 12.1 summarizes assumptions and equations for the above-presented
pharmacodynamic models.

12.5 Unification of Pharmacodynamic Models

Historically, delays between drug exposure and effect have been described with the
so-called effect-compartment model, first described by Segre [582] and popularized
by Sheiner and coworkers [583, 584]. Recently, Dayneka [598] focused attention
on a set of indirect-effect models to introduce intrinsic pharmacodynamic time.
The relevance of combined pharmacokinetic-dynamic modeling has been largely
recognized [621, 622]. The discussion in Section 12.3 indicates that the development
of the various pharmacokinetic-dynamic models was based on the dominating
assumption for one of the drug processes depicted in Figure 12.1. Thus, the
pharmacokinetic-dynamic models can be classified kinetically on the basis of the
assumptions associated with:

¢ the prereceptor equilibrium,
¢ the drug-receptor interaction, and
¢ the postreceptor equilibrium.

A very general scheme for relating effects to concentration, of which both the
effect-compartment and the indirect-effect models are special cases, was outlined by
Sheiner and Verotta [619]. The models presented in the study can be considered to
be a special case of that unified scheme. As judiciously presented by these authors,
both direct-response and indirect-response models are composed of one nonlinear
static submodel and one dynamic submodel, but the placement of the submodels in
the global model differs:
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 In adirect-response model, the output of a linear dynamic model (the link model)
with input ¢ (¢) drives a nonlinear static model (usually the E;.x model) to
produce the observed response.

* In an indirect-response model, the above order of models is reversed and now
the static model precedes the dynamic one. The dynamic model describes the
formation and loss of the response variable through a linear differential equation
whose parameters are nonlinear saturable forms of the driving concentration c (f).

All these models introducing the prereceptor and postreceptor events have an
interesting appeal with respect to physiologically implied mechanisms. Sheiner and
Verotta [619] pointed out the importance of knowing where the rate-limiting step is
located in a series of events from pre- to postreceptor drug interactions.

The fundamental assumption and equations governing the effect—concentration
relationship for each one of the models considered are listed in Table 12.1. The
presence or not of a hysteresis loop in the effect—plasma concentration plot of each
model is also quoted in Table 12.1. At present, the methodology for performing
efficient pharmacokinetic-dynamic modeling is well established [572, 623, 624].
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