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Chapter 8
Foundations of Pharmacodynamic
Systems Analysis

William J. Jusko

Abstract The pillars of pharmacodynamic modeling are the pharmacokinetics of
the drug, the nature of the pharmacology that underlies drug interactions with their
targets, and the physiology of the system considering molecular to whole body
levels of organization and functioning. This chapter provides a general assessment
of the fundamental components and some interactions of each of these pillars
indicating how they serve as building blocks for systems models. Key elements of
pharmacokinetics include the operation of Fick’s Laws for diffusion and perfusion
along with the often nonlinear mechanisms of drug distribution and elimination.
Target-binding relationships in pharmacology evolve from the law of mass action
producing capacity-limitation in most operative control functions. Mammalian
physiology and pathophysiology feature a wide breadth of turnover rates for bio-
logical compounds, structures, and functions ranging from rapid electrical signals to
lengthy human lifespans, which often determine the rate-limiting process and basic
type of model to be applied. Appreciation of the diverse array, mechanisms, and
interactions of individual components that comprise the pillars of pharmacody-
namics can serve as the foundation for building more complex systems models.

Keywords Fick’s laws « Target-binding - Drug-biological interface - Affinity -
Capacity - Substrate control - Operational efficacy - Turnover - Homeostasis *
Gaddum equation

8.1 Introduction

The three pillars of pharmacodynamics (PD), as depicted in Fig. 8.1, are the
pharmacokinetics (PK) of the drug, the pharmacology and mechanism of the
drug-biological interface, and the physiology or pathophysiology of the system
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Fig. 8.1 The palace of pharmacodynamics with its foundation, structural components, and three
pillars

being altered by the drug (Mager et al. 2003; Jusko 2013). Each can contribute to
the extent and time-course of observed pharmacodynamic responses depending on
their intrinsic properties and rate-limiting step(s). The foundations of systems
analysis will be explored by delineating the basic “rules of biology” for the major
components that govern each of the pillars of pharmacodynamics. Along with the
determinants of PK, two general principles, namely capacity-limitation and turn-
over, form the basis for a variety of commonly used PK/PD and systems models.
Genomics is included in Fig. 8.1 as the presence, location, and functioning of
determinants of PK/PD are governed by genomics and genetics. The quantitative
skills of mathematics, statistics, and computation are needed to identify relation-
ships, integrate them into models, analyze experimental data, and perform
simulations.

8.2 Pharmacokinetics

Common approaches for analyzing pharmacokinetic data utilize noncompartmental,
compartmental (mammalian), and physiological concepts and methods, with
ascending degrees of complexity. Physiologically-based PK (PBPK) models pro-
vide mechanistic and insightful separation of drug and systems properties as well as
their interfaces and interactions. Three key relationships that underpin drug distri-
butional processes in PBPK models are:
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dA
Fick's Law of Diffusion: 7= PS(Cy — Cy).

where the rate of drug movement (Amount/time, dA/dt) from higher (Cy) to lower
(C) concentrations is governed by the permeability-surface area (PS) coefficient
(Fick 1855). Permeability (P) is governed by molecular size and lipid solubility of
the compound along with the nature of the biological membrane and its surface area
(S). This equation is often invoked to describe small molecule (drug) absorption
rates, movement between interstitial fluids (ISF) and cell water spaces, and has been
adapted to account for biophase distribution of drugs.

Fick's Law of Perfusion: i—? =Q(C, - C)

where the rate of organ uptake (dA/dr) is governed by arterial (C,) and venous (C,)
drug concentrations and organ blood flow (Q) (Teorell 1937). The ratio of
(C, — C)IC, is also termed the Extraction Ratio (ER). This equation is commonly
used in PBPK models to describe drug distribution to various organs and tissues via
blood flow.

Convection: ‘2—? =L(1-0)-C=f-0(1-0)-C

where organ uptake of molecules is determined by water movement equaling lymph
flow (L) and the vascular reflection coefficient (¢) associated with water flux across
capillary membranes into ISF (Renkin 1979). Lymph flow is usually assumed as a
small fraction (fz = 0.02—4 %) of blood flow to each organ or tissue as determined
by the Starling (1896) approximation, while the reflection coefficient varies with
type of organ capillaries (some ‘leaky’ such as liver, some ‘tight’ such as muscle).
This equation is used in PBPK models of monoclonal antibodies (mAbs) and other
large molecules to describe their limited and slow movement from plasma to ISF
(Cao et al. 2013). Glomerular filtration rate is primarily a convection process as
well.

The joint roles of blood flow and permeability for control of the distribution of
molecules from blood to tissues is termed Distribution Clearance (CL,) in PK and
quantified as:

CLa=fa-Q=0(1-e"2)

where f; is the fraction of Q accounting for organ uptake of drug, PS is the
rate-limiting factor when Q is small, and Q is the rate-limiting factor when PS is
large (Stec and Atkinson 1981).

The array of nonmlinear protein binding, metabolism, transport, and clearance
relationships commonly encountered in PK are listed in Table 8.1 (Jusko 1989).
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They all evolve from the law of mass action where the limited quantity of binding
substances, metabolic enzymes, or transporters results in capacity-limited pro-
cessing of drugs and other substrates. At low drug concentrations, the functions
operate linearly, such as with the common relationship for intrinsic clearance,
CLipt = Vina/ Ko, pertaining to drug metabolism. Often the preferred or operative
drug concentration is the free or unbound drug in either plasma or in tissues. These
distributional and elimination relationships are components of full PBPK models
and are presented here partly owing to their fundamental value in PK, but also
because they are helpful in describing the kinetics of physiological substances or
biomarkers when analyzed in PK/PD and systems models. For example, the PK/PD
modeling of cortisol as an indicator of adrenal suppression and of nitrate as a
biomarker of inflammation is best handled by considering their intrinsic kinetics
(Krzyzanski and Jusko 2001; Sukumaran et al. 2012).

8.3 Pharmacology

The interaction of drugs (D) with their biophase targets (R) is the interface that
controls the array of subsequent genomic, proteomic, biochemical, and physio-
logical changes. These targets may be receptors, enzymes, transporters, ion chan-
nels, and/or DNA. A common feature is that the concentration or quantity of such
targets is limited and can be described with the law of mass action:

kcm
D+ R = DR
ko

as described by:

dR
— =kon-D-R — ko - DR

dr on off

where k,, is the association rate constant, k,is the dissociation rate constant and, at
equilibrium, the equilibrium dissociation constant is Kp = k,pk,n. This type of
interaction leads to a nonlinear relationship that the author calls “The Equation of
Life”:

Capacity - Substrate
Affinity + Substrate

Function =

In this fashion, Capacity, Affinity, and Substrate control numerous biological pro-
cesses: those involved in PK as listed in Table 8.1 and those describing many
pharmacological actions as listed in Table 8.2. These pharmacologic processes or
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