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Purpose. To describe the disease status of degenerative diseases (i.e., type 2 diabetes mellitus,
Parkinson’s disease) as function of disease process and treatment effects, a family of disease progression
models is introduced.

Methods. Disease progression is described using a progression rate (R4,) acting on the synthesis or
elimination parameters of the indirect response model. Symptomatic effects act as disease-dependent or
-independent effects on the synthesis or elimination parameters. Protective drug effects act as disease-
dependent or -independent effects on Rgp,.

Results. Simulations with the ten disease models show distinctly different signature profiles of treatment
effects on disease status. Symptomatic effects result in improvement of disease status with a subsequent
deterioration. Treatment cessation results in a disease status equal to the situation where treatment had
not been applied. Protective effects result in a lasting reduction, or even reversal, of the disease pro-
gression rate and the resulting disease status during the treatment period. After cessation of treatment
the natural disease course will continue from the disease status at that point.

Conclusion. Disease system analysis constitutes a scientific basis for the distinction between symptom-
atic versus protective drug effects in relation to specific disease processes as well as the identification of
the exposure-response relationship during the time-course of disease.
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indirect response model.

INTRODUCTION

Over the past two decades, pharmacokinetic—-pharma-
codynamic (PK/PD) models have been developed for char-
acterization of the time course of drug effects. Specifically,
PK/PD models relate drug exposure to effects on biomarkers
for efficacy and safety, and/or clinical responses (1,2). The
additional incorporation of population (mixed-effects) char-
acteristics accounts for the inherent intra- and interindividual
variability of a structural PK/PD relationship.

Mechanistic PK/PD models contain specific expressions
to describe the pharmacokinetics, the mechanism of action of
the drug, and one or more physiological processes. A specific
feature of these models is the distinction between drug- and
system-specific parameters. Thereby, the values of the latter
parameters are limited to physiological ranges and even
inaccessible pharmacodynamic steps can be estimated (2,3).
Within the context of PK/PD modeling, the family of indirect
physiological response (IPR) models constitutes a useful basis
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for the development of mechanism-based PK/PD models,
which can be extended to describe transduction processes,
complex time-dependent physiological mechanisms, and dis-
ease processes (2-5). Characterization of the effect of a drug
in such a system involves the interfacing with a pharmacoki-
netic model and the incorporation of receptor theory to
describe and predict the equilibrium drug concentra-
tion—effect relationship (6-12). In this manner, the first fully
mechanism-based PK/PD model, based on interfacing of a
receptor model and a transduction model, was recently
proposed (3).

In conventional PK/PD analyses, the values of the model
parameters that determine the status of a biological system in
the absence of a drug are (kept) invariable with time, and
physiology is generally considered constant at baseline. For
progressive, chronic diseases, this is not a realistic description
because biological functions may deteriorate over the time
course of the treatment period.

Therefore, disease progression analysis has been pro-
posed where the influence of a drug effect on the change in
disease status over time is characterized (13-17). Disease
progression analysis constitutes an extension of traditional
PK/PD analysis, as time-dependent changes in the dynamics
of the biological system of diseased subjects are accounted
for as an additional level. This is important when drug
treatment is specifically intended to modify disease processes
and disease progression.
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Disease Progression Models

Chan and Holford were among the first to present clinical
pharmacology in terms of natural disease progression and drug
action (13). Disease progression can be analyzed at different
levels of the pathophysiology (Fig. 1). The initial disturbance
in a biological system relates to the complex interaction
between genetic, transcription-, and receptor-mediated events
at a molecular level (18). This results in changes in the func-
tioning of cells and/or tissues, which comprise the second
level of effects. At both levels, relevant biomarkers can offer
an improved insight in the dynamics of the biological system
and the latter are anticipated to predict the clinical response
faster or with increased precision (3,19-24). Finally, symp-
toms—as expressed by organ function and/or clinical rating
scales—describe the ultimate clinical response on a third level.
Eventually, effects at these three levels converge in the long-
term clinical outcome in terms of morbidity and mortality.

In principle, the drug effect on the disease process can be
analyzed at each of the aforementioned levels. Chan and
Holford reviewed disease progression models based on clinical
endpoints for diseases such as Parkinson’s disease, Alzheim-
er’s disease, respiratory disease, diabetic nephropathy, and
osteoporosis (13). In these models, as well as in several other
examples (14-16, 25-29), the disease status or symptoms of
the disease are described as a direct function of treatment,
without characterization of the underlying biological system.
Such a descriptive approach is useful when only clinical
endpoints are the available measurements reflecting disease
and drug action. However, if the underlying biological system
is (partly) known and biological markers for specific aspects
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Fig. 1. Domain of disease system analysis. The levels present the
stages of disease progression. Here, a biological function within the
homeostatic system is disturbed in level I or II, resulting in a disease
process, which can be reflected in clinical endpoints. The three
disease levels specifically present the combined outcome of, on the
one hand, disease processes and, on the other, the pharmacodynamic
effects. The disease over time can be described at each of these
levels, depending on the information available. Ultimately, these
three levels converge in long-term clinical outcomes. The roman
numbers indicate the specific levels of a disease system in this
domain (I— III, in a mechanistically decreasing order of complexity)
where disease progression is assessable.
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of the disease process in this system have been identified, a
more comprehensive and mechanistic description of disease
progression is feasible. Identification of disease progression
and drug action on such a basis will be referred to as disease
system analysis. Similar to mechanistic PK/PD analysis, a
relationship can ultimately be established between the time
course of the drug concentration on one hand, and both the
disease process and the resulting disease status on the other.

Classification of Treatment Effects in Disease
System Analysis

Disease progression analysis includes both a qualitative
and a quantitative characterization of the drug effect on the
disease status over time. Qualitatively, drug treatment can
result in clinical benefit in two ways:

(1) Symptomatic treatment effect—an improvement in
the disease status without altering the process of disease
progression.

(2) Protective treatment effect—modification of the
underlying process of disease, resulting in a change in the
time course of the disease severity.

In theory, protective drug effects can reduce, halt, or even
reverse the disease process, whereas symptomatic treatments
can only reduce symptom severity (13).

Assessment of Drug Efficacy

Traditionally, clinical trials assess the efficacy of drugs in
the patient population by comparing the disease status at the
start of treatment and at one or more time-points during or
after the treatment period. Typically, classical analysis of
variance between groups at fixed time-points quantifies the
differences between treatments. Within this paradigm, a last
observation carried forward (LOCF) approach is often
applied to account for dropout of study subjects and/or missing
measurement visits (30-32). However, this introduces uncer-
tainty and bias in the outcome of the analysis (32,33).
Furthermore, for sparsely sampled data with relatively irreg-
ular numbers and timings of measurements, this leads to a
substantial loss of statistical power. Finally, the traditional
statistical approaches do not provide a basis for extrapolation
and prediction, as the underlying trajectory of the disease is
being ignored. Application of disease progression analysis,
based on nonlinear regression and mixed-effects analysis, may
overcome these issues. In addition to a more accurate and
precise quantification of treatment effects, based on drug-
specific target sites within the system, the disease process is
expressed in a mathematical structure, and a qualitative
evaluation of the drug effect in terms of a distinction between
a protective vs. a symptomatic effect is feasible.

Inherently, a qualitative evaluation of treatment effects
requires that a disease progression model must distinguish
between drug-specific properties and disease-specific proper-
ties. Because physiological parameters are unique to the bio-
logical system, they are independent of the compound tested
(3,34). This also enables differentiation between short- and
long-term treatment effects, based on pertinent biomarkers,
before they are observed in clinical endpoints. Ultimately, a
combined analysis of the disease system based on biomarkers
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in relation to clinical endpoints or clinical outcome (morbid-
ity, mortality) allows the comparison of drug effects.

Aim

In this paper, a family of basic disease progression models
is proposed, in which the status of degenerative diseases over
time is described via indirect physiologic response models.
The observed disease status stems from time-dependent
changes in the underlying process of a biological system.
Specifically, we propose a theoretical framework for applica-
tion of disease system analysis in progressive degenerative
diseases caused by an ongoing disturbance of homeostasis.
This disturbance of homeostasis results from a declining
process controlling the biological function, which corresponds
to the degenerative nature of the disease.

MATERIALS AND METHODS

Homeostatic System. Disease progression is defined as a
change in disease status over time. This implies that in the

Post, Freijer, DeJongh, and Danhof

situation of a healthy homeostatic system no change in any of
the biological system parameters exists. Using an indirect
physiological response model, this results in time-invariant
biological system parameters (2,4,5). In such a case, the
primary differential equations describing the homeostasis of
the biological process are:

ds
E = kin - koutS (1)
with
dkin
o 2
ar 2)
dkou
dr 0

where the change dS/df in the measured status (S) of a
biological system over time is controlled by a constant zero-
order synthesis process (kj,) and a constant first-order
elimination process (kout)-

Disease Progression. In case of chronic degenerative di-
seases, homeostasis is disturbed by a time-dependent change
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Fig. 2. Models of disease progression resulting from a decline in either the synthesis or
elimination process controlling the homeostatic system. For each type of disease
progression model, three rates of disease progression are presented, visualizing
possible progression curvatures (Type I (Rgp); [0.001,0.05], Type II (Rgp); [0.01,0.03]).
Black block arrows represent target sites for symptomatic effects. Grey curved block
arrows represent target sites for protective effects. Top: Indirect physiological response
(IPR) model without disturbance in homeostasis. Middle: Disturbance in homeostasis
due to an exponentially decreasing synthesis process (Type I). Bottom: Disturbance in
homeostasis due to an exponentially decreasing elimination process (Type II).
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Table 1. Description of Type I (decreasing k;,) and Type II (decreasing ko) Disease Systems with Two Classes of Treatment Effects:
Symptomatic and Protective

Treatment effect on

Disease system Synthesis ki, (I) Elimination kg, (II)
Nomenclature Parameter Protective Symptomatic Protective Symptomatic
Type 1 kin: decreased synthesis 1 change (dk;,/dr) 1 status (kiy)* b | status (kout)©
Type II kout: decreased elimination b | status (ki,)® 1 change (dkoy/dr) 1 status (koyy)”

“The status of a disease-affected system parameter can be altered by a disease-independent symptomatic treatment effect, changing the
parameter with a constant offset, or by a disease-dependent symptomatic treatment effect, shifting the progressively declining status of the
disease-affected parameter proportionally.

®Not possible in these disease systems, since the parameter is unaffected by disease and a protective effect influences the change of the
parameter over time.

“The status of a disease-unaffected system parameter can be altered by a symptomatic treatment effect, changing parameter with a constant
offset.

in either the process of synthesis or elimination, resulting in ~ with

an ongoing deterioration of the status of the system. Here,

the situation of a degenerative disease is considered, in Jap(kout, t) = —Rapkout (6)

which there is a decrease in either the synthesis (disease

system Type I) or the elimination (disease system Type II). whelhre the change in elimina‘FiOI.l (kout) Over time i‘s a function
In Fig. 2, the natural course of disease progression and ©Of disease state (fgp). In principle, several functions can be

potential target sites of treatment are presented. A degener- applied to describe the disease progression. However, within

ative process affecting synthesis can be described by substi- ~ the context of this paper, we constrain the function for
tuting the following: disease progression to first-order self-limiting functions.

Therapeutic Intervention. Table 1 presents the possible
disease systems in degenerative disease with the various
dkin _ ) treatment effects considered within the context of this paper.
oo = fap i, 1) ) cff . . pa
t Therapeutic interventions on the disease process are divided
into symptomatic and protective. Table II presents the
in Eq. (1), where, the change in synthesis (k;,) over time is a  proposed nomenclature for the various treatment effects
function of disease state (fyp). In case of a first-order process, ~within the disease systems.
this becomes: Symptomatic Effect. An improvement in disease status
without changing the (underlying) process of natural
disease progression characterizes a symptomatic relief
(13). This can be achieved through two different types of
effect. The first type of symptomatic effect is disease-
where Rgj, is the first-order disease progression rate constant.  independent. This is achieved by the incorporation of an
Similarly, a degenerative process affecting elimination can be  additive term to the status of a system parameter describing
described as: the synthesis or the elimination process (Table II, models
LS. | LS.IT | ILS,.I | ILS,.IT):

fdp(kim [) - _dekin (4)

dkout ds

dr :fdp(koutvt) (5) E = {kin(t) +fS(D)} - {kout(t) +fS(D)}S (7)

Table II. Nomenclature of Various Disease Systems

Treatment effect on

Disease system Synthesis k;, (1) Elimination kg, (II)
Nomenclature Protective Symptomatic Protective Symptomatic
Type I LPy L.S;.I - LS. 11

L.P; 1.Sq.I
Type 1I - ILS;.I 1LP; ILS;.IT
IL.P4 IL.Sq.11

Symptomatic treatment effects are denoted as S, protective treatment efects as P. A treatment effect can be either disease-dependent
(q) or -independent (;). The first roman number presents the type of disease system, in which the disease progression is either on ki, (I) or
kout (IT). The second roman number presents the target-site of action, which can be either on k;, (I) or kqy (II). The second roman number is
redundant in case of a protective treatment effect, as it can only affect a parameter affected by disease.
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Disease status: model structure I.S;./
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Fig. 3. Time course of the disease status resulting from a decreasing value of synthesis
(kin) with a disease-independent symptomatic effect on the input parameter: L.S;.I.
Three different direct effect levels are simulated: small (—), intermediate (—) and high
(=). Top: Time course of the disease status with (left) and without (right) treatment
cessation. Bottom left: Time course of value of k;, before, during, and after
symptomatic treatment. Bottom right: Time course of value of kqy;.

where either the synthesis process (ki,) or the elimination
process (koy) controlling the measured status (S) is affected
by a time-dependent change [Egs. (3) or (5)]. Here, the drug
effect is a function of the exposure in terms of dose or
concentration (fy(D)). The second type of symptomatic effect
is disease-dependent, which is incorporated in the model as a
multiplicative term to the status of the affected synthesis or
elimination process (Table II, models 1.S4.I | TLS4.I):

fi_f = (kin()(D)} — {kow(0)fo(D)}S (8)

where the drug effect (fy(D)) proportionally modulates the
status of parameter that is affected by a time-dependent
change [Eq. (3) or (5)].

Protective Effect. An improvement in disease status
resulting from modification of the degenerative process,
which causes the natural disease progression, characterizes
a protective effect (13). This is reflected by an alteration of
the disease progression rate constant, followed by a change in
the disease status over time. Here, a distinction is made
between the alteration in the rate of change of an underlying
disease process and the observed change in disease status. A
pertinent feature of this model is that the mechanism of the
delay in change of disease status for protective effects differs
from a symptomatic effect.

Two kinds of protective treatment effects must be dis-
tinguished. The first is a disease-independent effect, where
the capacity of a biological function is restored by addition of
capacity, independent of the rate of progression (Table II,
models I.P; | IL.P;). The second is a disease-dependent effect,
and reflects the situation where the disease progression rate
constantis altered proportionally (Table IT, models I.Py4 | IL.Py).
Protective treatment effects are always incorporated on the
underlying parameter that determines the course of disease
progression, as an additive term for disease-independent
modification:

d(kin, k
%:fdp(kimkouh[) +fp(D) (9)
and as a multiplicative term for disease-dependent modification:

d(kin ) kout)

a = fdp(kil‘l’ kouta [)fp (D)

(10)

The protective treatment effect (f,(D)) modulates the param-
eter characterizing the disease progression [Eq. (3) or (5)] as a
function of exposure in terms of dose or concentration.
Simulation. The properties of the various disease systems
described above were evaluated by simulation, using Berkeley
Madonna™ version 8.0.1 (Macey and Oster, University of
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California, Berkeley). The simulations were performed with
the following arbitrary parameter values: ki, 100; koyt, 1; Rap,
0.02; S (baseline disease status), 100. The symptomatic drug
effects (fy(D)) were simulated with the following arbitrary
parameter values, presenting the small to high range for each
disease system: L.S;I, [50,150]; L.S;II, [—0.1,—0.7]; ILS;.I,
[-10,—60]; ILS.II [0.1,0.6]; L.Sq.I [1.5,3]; ILSq.II, [1.1,1.6].
The protective drug effects ( f,(D)) were simulated with the
following arbitrary parameter values, presenting the small to
high range for each disease system: L.P; [1,3]; IL.P; [0.01,0.03];
1.P4 [0.25,—0.25]; II.P4 [0.25,—0.25]. The simulated data were
processed using S-PLUS for Windows (version 6.2 Profes-
sional, release 1, Insightful Corp., Seattle, WA, USA).

RESULTS

The present approach for the analysis of progressive
Type I and Type II degenerative diseases considers a first-
order decay in either the process of synthesis or elimination
controlling the biological system. Without treatment effects,
the process of a declining synthesis (Type I degenerative
disease) results in an asymptotic decrease of the disease
status over time. A decreasing elimination process (Type II
degenerative disease) results in an exponential increase of
the disease status (Fig. 2).
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The interactions between the disease process, the disease
status, and the mechanism of treatment are considered as
dynamic systems, which are described by sets of differential
equations.

All responses are characterized by an immediate onset
and offset of the drug effect. This immediate response
enables a distinction between the interaction of the two main
disease types and the treatment effect.

Symptomatic Effect. For symptomatic effects, drugs
may influence the status of a system parameter by a constant
offset, resulting in a disease-independent symptomatic effect
[Eq. (7)]- This can be either on the parameter that is affected
by the disease process (I.S;.I, IL.S;.II), or through a compen-
sation of the unaffected parameter (I.S;.II, IL.S;.I). A
symptomatic effect can also be achieved by changing the
status of the disease-affected parameter proportionally,
which results in a disease-dependent symptomatic effect
[LSq.L, IL.S4.I1, Eq. (8)].

At the start of treatment, symptomatic effects result in
an improvement in the observed disease status, which
originates from a shift in the status of an underlying process.
Figures 3—-6 show the influence of symptomatic effects on the
time course of the disease status in Type I and II disease
systems. The time course of the change in the underlying
process controlling the observed disease status in a Type I
disease system are illustrated in Figs. 3-5. At the level of the
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Fig. 4. Time course of the disease status resulting from a decreasing value of synthesis
(kin) with a disease-dependent symptomatic effect on the input parameter: 1.S,4.1. Three
different direct effect levels are simulated: small (—), intermediate (—) and high (=).
Top: Time course of the disease status with (left) and without (right) treatment
cessation. Bottom left: Time course of the value of k;, before, during, and after
symptomatic treatment. Bottom right: Time course of the value of kqy,.
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Disease status: model structure 1.S;.//
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Fig. 5. Time course of the disease status resulting from a decreasing value of synthesis
(kin) with a disease-independent symptomatic effect on the output parameter: LS;.IL.
Three different direct effect levels are simulated: small (—), intermediate (—) and high
(=). Top panel: Time course of the disease status with (left) and without (right)
treatment cessation. Bottom left: Time course of the value of k;,. Bottom right: Time
course of the value of ko, before, during, and after symptomatic treatment.

synthesis and elimination processes, the direct drug effect is
initially proportional to the treatment intensity. However,
time course of the effects in the resulting disease status
differs. When the direct drug effect is on the process of
synthesis, the immediate effect manifests itself proportionally
to the treatment intensity [Figs. 3, 4, and 6 (bottom panel)].
In contrast, when the effect is on the process of elimination,
the resulting immediate effect on the disease status is
disproportional [Figs. 5 and 6 (top and middle panel)].
Specifically, for model structure I.S;.II, a more than propor-
tional improvement, and for IL.S.II and IL.S4.11, a less than
proportional improvement is observed.

After the initial improvement, all symptomatic effects
display an ongoing deterioration in the disease status,
analogous to the transient nature of such treatment effects.
This typical transient nature depends on the type of disease
system and the target site of the symptomatic effect. Three
basic profiles in the time courses of the underlying processes
can be distinguished: (1) a progressive decline in the status of a
process, at the rate of the natural disease progression when the
drug effect is additive to a progressively declining parameter
(LSi.I, ILS,.II, Fig. 3); (2) a progressive decline in the status of a
process, eventually approximating the rate of natural disease
progression, as the drug effect is proportional to a progressively
declining parameter (I1.SqI, ILS4.IL Fig. 4); and (3) a constant
shift in the status of a process unaffected by disease progression
(LS., ILS.I, Fig. 5). These profiles correspond to disease-

independent and disease-dependent effects on the disease-
affected parameter and disease-independent effects on the
disease-unaffected parameter, respectively.

A pertinent feature of model structures I.S;.I, ILS.II is the
drug effect on the status of a process controlling the biological
system that compensates for the disease progression. On
treatment continuation, this leads to a new homeostasis as the
drug effect is independent of the rate of disease progression. The
other four remaining model structures do not result in a new
homeostasis. For model structures 1.S4.1, IL.S4.11, the treatment
effect is proportional to a progressively declining parameter and
for model structures L.S.II, IL.S;I the disease is modified by
changing the status of the disease-unaffected parameter, such
that a new homeostasis cannot be attained. The observed
disease status remains dominated by the disease progression.

Finally, on cessation of treatment the disease status returns
to the natural disease status that would have been attained
without treatment, which is characteristic for all symptomatic
treatment effects (Figs. 3-6, left panels).

Protective Effect. For protective effects, drugs influence
the disease process by an effect on the rate of change of the
disease affected system parameter. This results in a direct
change of the disease status over time, without an initial
immediate improvement as observed with symptomatic
effects. A disease-independent protective effect results from
restoration of a biological function as an additive effect,
independent of the rate of progression [L.P;, ILP;; Eq. (9)]. By
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Disease status: model structure /.Sl
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Fig. 6. Time course of the disease status resulting from a decreasing value of
elimination (ko) with a (1) disease-independent symptomatic effect on the output
parameter: IL.S.II (top), (2) disease-dependent symptomatic effect on the output
parameter: I1.S4.II (middle), (3) disease-independent symptomatic effect on the input
parameter: ILS;.I (bottom). For each disease system, three different direct effect levels
are simulated: small (—), intermediate (-—) and high (==). The time course of the
disease status with (left) and without (right) treatment cessation is presented.

changing the status of the disease-affected parameter in a
proportional manner, a disease-dependent protective effect is
obtained [L.Py, IL.P4; Eq. (10)].

Figures 7 and 8 present both types of protective effects.
Both effects can either reduce, halt, or even reverse rate of
change of the disease status. However, a disease-independent
effect always results in a new homeostasis of the disease
status, depending on the magnitude of the effect on the
biological function. A disease-dependent protective effect
only results in a new homeostasis if it completely counteracts
the disease progression rate parameter. Termination of a
protective treatment effect results in a continuation of the
natural disease course from the disease status at that point.

DISCUSSION
Outline Disease System Analysis

The currently proposed classification of disease progres-
sion analysis provides a scientific basis for investigating
complex disease systems. A differentiation is made between
the drug effect on the disease process and the resulting
disease status over time. The present method can be
considered a mechanistic approach as it takes into consider-
ation the drug effect on the disease system underlying the
change in clinical endpoints. This constitutes a scientific basis
for identification of the mechanism of a drug effect on a
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Disease status: model structure I.P,
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Fig. 7. Time course of the disease status resulting from a decreasing value of synthesis
(kin) with a (1) disease-dependent protective effect on the synthesis parameter: I.P4
(top), (2) disease-independent protective effect on the synthesis parameter: LP;
(bottom). For each disease system, three different direct effect levels are simulated:
small (—), intermediate () and high (=). The time course of the disease status with
(left) and without (right) treatment cessation is presented.

disease process (specifically the distinction between a symp-
tomatic and a protective effect) as well as identification of
the exposure-response relationship.

Furthermore, it also constitutes a basis for extrapolation
and prediction of drug effects on disease progression.

The basis of the proposed family of disease progression
models is that progressive diseases result from a disturbance
of a dynamic biological system. Clearly, this is a reduction of
the complex of biological interactions within all physiological
systems. Such a reduction is typical for all pharmacodynamic
modeling. It involves a selection of endpoints that are both
relevant and quantifiable either directly or indirectly
(3,9,10,35). Besides the distinction between disease process
and disease status over time, the approach also provides
consistent definitions for the mode and implicit site of action
of the drug treatment effects. In this way, a structural basis
for the distinction between various symptomatic and protec-
tive drug treatment effects is proposed.

Ilustration Disease System Analyses

The various treatment effects, both symptomatic and
protective, are classified as being either disease-dependent or
disease-independent. An example of a disease-independent
symptomatic effect (I.S;.I) is the effect of directly acting
dopamine receptor agonists in the treatment of Parkinson’s
disease (36-39). A (theoretical) example of a disease-

dependent symptomatic effect is stimulation of the release
of dopamine from existing neurons, without altering the
progressive degeneration of such neurons (I.S4.I) (39-42).
Inhibition of the elimination rate of endogenous dopamine
would be another example (I.S;.IT) (39,40,42). An example of
a disease-independent protective drug effect would be a
treatment with growth factor, which promotes the generation
of new dopamine releasing neurons, unaffected by disease
progression (I.P;) (39,40). A disease-dependent protective
effect would be a reduction in the rate of decline of
dopamine releasing neurons (I.Py) (39,40).

Another example of a disease-dependent drug effect is
the treatment of type 2 diabetes mellitus, where sulphony-
lurea (e.g., gliclazide) enhances the release of insulin, a
response which, in turn, depends on the declining function of
the B-cell (43). Within this context, treatment with insulin can
be viewed as a disease-independent effect. The treatment of
osteoporosis with bisphosphonates could also be considered
as disease-independent as they interfere with the functioning
of osteoclasts (44—46).

Perspective Disease System Analysis
A pertinent feature of the proposed classification of

disease progression models is the distinction between differ-
ent types of “symptomatic” drug treatment effects (13).
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Fig. 8. Time course of the disease status resulting from a decreasing value of
elimination (koy) with a (1) disease-dependent protective effect on the elimination
parameter: IL.Py (top), (2) disease-independent protective effect on the elimination
parameter: IL.P; (bottom). For each disease system, three different direct effect levels
are simulated: small (—), intermediate (—) and high (=). The time course of the
disease status with (left) and without (right) treatment cessation is presented.

Specifically, in previously proposed descriptive disease pro-
gression models, a symptomatic effect is used to describe a
delay in the disease state without alteration of the rate of
progression, with ultimately a return to the original disease
state. However, for a disease where the structure of the
underlying system is known, various symptomatic drug
treatment options exist, which do not necessarily result in a
return to the original disease state, but are still symptomatic.
This is illustrated in disease systems 1.S;.I and I1.S;.II, where
upon continuation of the treatment, a new homeostasis is
reached (Figs. 3 and 6). When solely interpreted on an
observational basis, this seems to be a protective effect, but
from a mechanistic point of view it is a symptomatic effect.
Simulations based on the proposed mechanistic model
structures show that a symptomatic treatment effect results
in a change in disease status during the treatment that is
dependent on the type, duration, and the intensity of
treatment. In addition to reaching a new homeostasis, this
can either result in an accelerated or delayed return to the
disease status at the start of treatment. Thus, the term
“symptomatic” denotes more than a delay in the disease
status profile. Depending on various factors, symptomatic
treatment effects can result in a more beneficial outcome
than a protective treatment effect. For instance, a symptom-
atic effect results in an initial improvement in disease status,
which cannot be reached by a protective effect that slows
down or halts disease progression, because it merely induces

a direct effect on the rate of change in the disease status at
that time-point, without directly improving the disease status.

Extensions to Disease System Analyses

The proposed mechanism-based disease models were
specifically designed as basic models describing degenerative
disorders on measurements of a single biomarker, with a
decrease in either synthesis or elimination. For more complex
homeostatic control mechanisms, when a multitude of bio-
markers is required to characterize the disease process, the
disease systems can be readily extended to represent a
cascade of compartments. The process leading to the
disturbed homeostasis can then be incorporated at different
sites in the cascade, resulting in different disease profiles. A
theoretical example of such an extension is a system in which
the synthesizing or eliminating functions of the disease
system itself are regulated by production and loss functions
(Fig. 9). When these latter functions are influenced by a
degenerative process, this would result in a different overall
biomarker response.

An example of a population-based cascading disease
model was recently presented for analysis of various thera-
peutic interventions in type 2 diabetes mellitus (47-49). Here,
an (insulin-)fasting plasma glucose-HbA . system was mod-
eled with various treatment target sites that are typical for
each drug. This can be considered as an extended disease
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Fig. 9. Extended model of disease progression, where a combination
of indirect response models is used to describe the disease system.
The disturbance in the homeostasis of a biological system is modeled
by describing a decrease over time of either the synthesizing (ksyn),
or eliminating (kjoss) process controlling the synthesis (ki,), or
elimination (ko) of the homeostatic system.

system in which multiple biomarkers are required for a
comprehensive description of the underlying changes in
pathophysiology. In the diabetes example, each biomarker
shows a typical time-scale of treatment response. The most
rapid response is observed for insulin (hours to days),
followed by a response in FPG (days to weeks), and finally
by a response in HbA . (weeks to months). The existence of
different time-scales within a disease system may allow for
the prediction of long-term efficacy on the basis of short-term
biomarker responses. The proposed disease systems can be
extended with complexities such as nonstationary or time-
dependent baselines, systems with tolerance development
and counterregulatory and feedback mechanisms (50-52). In
addition, the relation between the drug effect and the disease
system can either be direct or indirect, and be linear or
nonlinear, resulting in different disease status profiles. The
proposed disease systems were based on a direct linear
exposure-response relationship to delineate a clear distinc-
tion between the interaction of the two main disease types
and the treatment effect.

The current analysis emphasizes on the theoretical
aspects of such disease systems, presenting the specific
properties and signature profiles of the examined disease
progression models. However, statistical issues will play a
substantial role when this concept is applied. These aspects,
including parameter identifiability, discrimination between
treatment effects, and disease progression, will give rise to
practical issues, which are considered out of the scope of the
current analysis.

Application in Clinical Trials

One of the goals in disease progression analysis is the
differentiation between disease- and drug-specific parameters
and the extrapolation of the behavior of a disease system
beyond trial duration. These goals are more likely to be
achieved when a more qualitative analysis of drug efficacy is
performed including the trajectory of disease, in addition to
the traditional methods that are often quantitative in nature
(48).

An additional field of application for disease system
analysis is the comparison of the long-term effects between
drugs that act through different sites and modes of action within
the disease system. Thus, during the process of drug develop-
ment, specific therapeutic targets can be pursued and optimal

Post, Freijer, DeJongh, and Danhof

treatment regimens can be identified, for example in the case
of combination therapies (short- and long-term efficacy) that
are applied in the treatment of HIV, diabetes, and cancer.

In summary, a set of basic disease model systems were
specified with accompanying disease signature profiles, to
describe chronic progressive degenerative diseases where
(part) of the underlying biological system is known. The
dynamics of the disease status in conjunction with the
influence of symptomatic and protective treatment effects
are characterized by a mathematical interpretation of bio-
marker information as a function of time.

REFERENCES

1. L. B. Sheiner. Learning versus confirming in clinical drug
development. Clin. Pharmacol. Ther. 61:275-291 (1997).

2. A. Sharma and W. J. Jusko. Characterization of four basic
models of indirect pharmacodynamic responses. J. Pharmacoki-
net. Biopharm. 24:611-635 (1996).

3. K. P. Zuideveld, H. J. Maas, N. Treijtel, J. Hulshof, P. H. van
der Graaf, L. A. Peletier, and M. Danhof. A set-point model
with oscillatory behavior predicts the time course of 8-OH-
DPAT-induced hypothermia. Am. J. Physiol., Regul. Integr.
Comp. Physiol. 281:R2059-R2071 (2001).

4. N. L. Dayneka, V. Garg, and W. J. Jusko. Comparison of four
basic models of indirect pharmacodynamic responses. J. Phar-
macokinet. Biopharm. 21:457-478 (1993).

5. W.J. Jusko and H. C. Ko. Physiologic indirect response models
characterize diverse types of pharmacodynamic effects. Clin.
Pharmacol. Ther. 56:406-419 (1994).

6. P. H. Van der Graaf and M. Danhof. Analysis of drug-receptor
interactions in vivo: a new approach in pharmacokinetic—
pharmacodynamic modelling. Int. J. Clin. Pharmacol. Ther.
35:442-446 (1997).

7. P. H. Van Der Graaf, E. A. Van Schaick, R. A. Math-ot, A. P.
Ijzerman, and M. Danhof. Mechanism-based pharmacokinetic—
pharmacodynamic modeling of the effects of Né6-cyclopentyl
adenosine analogs on heart rate in rat: estimation of in vivo
operational affinity and efficacy at adenosine Al receptors.
J. Pharmacol. Exp. Ther. 283:809-816 (1997).

8. P. H. Van der Graaf, E. A. Van Schaick, S. A. Visser, H. J.
De Greef, A. P. Ijzerman, and M. Danhof. Mechanism-based
pharmacokinetic-pharmacodynamic modeling of antilipolytic
effects of adenosine A(1) receptor agonists in rats: prediction
of tissue-dependent efficacy in vivo. J. Pharmacol. Exp. Ther.
290: 702-709 (1999).

9. S. A. Visser, D. R. Huntjens, P. H. Van der Graaf, L. A.
Peletier, and M. Danhof. Mechanism-based modeling of the
pharmacodynamic interaction of alphaxalone and midazolam in
rats. J. Pharmacol. Exp. Ther. 307:765-775 (2003).

10. S. A. Visser, C. J. Smulders, B. P. Reijers, P. H. Van der Graaf,
L. A. Peletier, and M. Danhof. Mechanism-based pharmacoki-
netic-pharmacodynamic modeling of concentration-dependent
hysteresis and biphasic electroencephalogram effects of
alphaxalone in rats. J. Pharmacol. Exp. Ther. 302:1158-1167
(2002).

11. K. P. Zuideveld, J. Rusic-Pavletic, H. J. Maas, L. A. Peletier,
P. H. Van der Graaf, and M. Danhof. Pharmacokinetic—phar-
macodynamic modeling of buspirone and its metabolite 1-(2-
pyrimidinyl)-piperazine in rats. J. Pharmacol. Exp. Ther. 303:
1130-1137 (2002).

12. K. P. Zuideveld, N. Treijtel, H. J. Maas, J. M. Gubbens-Stibbe,
L. A. Peletier, P. H. Van der Graaf, and M. Danhof. A
competitive interaction model predicts the effect of WAY-
100,635 on the time course of R-(+)-8-hydroxy-2-(di-n-propyla-
mino)tetralin-induced hypothermia. J. Pharmacol. Exp. Ther.
300:330-338 (2002).

13. P. L. Chan and N. H. Holford. Drug treatment effects on
disease progression. Annu. Rev. Pharmacol. Toxicol. 41:625-659
(2001).

14. N. H. Holford and K. Peace. The effect of tacrine and lecithin in



Basic Disease Progression Models in Degenerative Disease

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Alzheimer’s disease. A population pharmacodynamic analysis of
five clinical trials. Eur. J. Clin. Pharmacol. 47:17-23 (1994).

N. H. Holford and K. Peace. Methodologic aspects of a
population pharmacodynamic model for cognitive effects in
Alzheimer patients treated with tacrine. Proc. Natl. Acad. Sci.
USA 89:11466-11470 (1992).

N. H. Holford and K. E. Peace. Results and validation of a
population pharmacodynamic model for cognitive effects in
Alzheimer patients treated with tacrine. Proc. Natl. Acad. Sci.
USA 89:11471-11475 (1992).

N. H. G. Holford. Understanding disease progression using clin-
ical pharmacology. In M. Danhof, M. Karlsson, and R. J. Powell
(eds.), Measurement and Kinetics of in vivo Drug Effects,
Leiden/Amsterdam Center for Drug Research, Leiden.
Advances in Simultaneous Pharmacokinetic/Pharmacody-
namic Modelling, 4th International Symposium, 24-27 April,
Noordwijkerhout, 2002.

A. J. Stoessl, C. S. Lee, and R. de la Fuente-Fernandez. New
concepts and tools in imaging for the study of neurodegenerative
disease. J. Neural. Transm., Suppl. 65:157-166 (2003).

L. J. Lesko and A. J. Atkinson Jr. Use of biomarkers and
surrogate endpoints in drug development and regulatory deci-
sion making: criteria, validation, strategies. Annu. Rev. Pharma-
col. Toxicol. 41:347-366 (2001).

W. A. Colburn. Biomarkers in drug discovery and development:
from target identification through drug marketing. J. Clin.
Pharmacol. 43:329-341 (2003).

W. A. Colburn and J. W. Lee. Biomarkers, validation and
pharmacokinetic-pharmacodynamic modelling. Clin. Pharmaco-
kinet. 42:997-1022 (2003).

A. J. Atkinson, W. A. Colburn, V. DeGruttola, D. L. DeMets,
G. J. Downing, D. F. Hoth, J. A. Oates, C. C. Peck, R. T
Schooley, B. A. Spilker, J. Woodcock, and S. L. Zeger.
Biomarkers and surrogate endpoints in clinical trials: preferred
definitions and conceptual framework. Clin. Pharmacol. Ther.
69:89-95 (2001).

S. E. Ilyin, S. M. Belkowski, and C. R. Plata-Salaman. Bio-
marker discovery and validation: technologies and integrative
approaches. Trends Biotechnol. 22:411-416 (2004).

L. J. Lesko, M. Rowland, C. C. Peck, and T. F. Blaschke.
Optimizing the science of drug development: opportunities for
better candidate selection and accelerated evaluation in humans.
Pharm. Res. 17:1335-1344 (2000).

O. Sander, G. Herborn, E. Bock, and R. Rau. Prospective six
year follow up of patients withdrawn from a randomised study
comparing parenteral gold salt and methotrexate. Ann. Rheum.
Dis. 58:281-287 (1999).

S. E. Nissen, E. M. Tuzcu, P. Schoenhagen, B. G. Brown,
P. Ganz, R. A. Vogel, T. Crowe, G. Howard, C. J. Cooper,
B. Brodie, C. L. Grines, and A. N. DeMaria. Effect of intensive
compared with moderate lipid-lowering therapy on progression
of coronary atherosclerosis: a randomized controlled trial.
JAMA 291:1071-1080 (2004).

M. Crnkic, B. Mansson, L. Larsson, P. Geborek, D. Heinegard,
and T. Saxne. Serum cartilage oligomeric matrix protein (COMP)
decreases in rheumatoid arthritis patients treated with infliximab or
etanercept. Arthritis Res. Ther. 5:R181-R185 (2003).

F. C. Breedveld, P. Emery, E. Keystone, K. Patel, D. E. Furst,
J. R. Kalden, E. W. St Clair, M. Weisman, J. Smolen, P. E.
Lipsky, and R. N. Maini. Infliximab in active early rheumatoid
arthritis. Ann. Rheum. Dis. 63:149-155 (2004).

N. H. Holford, P. L. Chan, and J. Nutt. Disease progression in
Parkinson’s disease—evidence for protective effects of drug
treatment. 13th Population Approach Group Conference,
Uppsala, Sweden, http://www.page-meeting.org, 2004.

C. J. Haagsma, P. L. van Riel, A. J. de Jong, and L. B. van de
Putte. Combination of sulphasalazine and methotrexate versus
the single components in early rheumatoid arthritis: a random-
ized, controlled, double-blind, 52 week clinical trial. Br. J.
Rheumatol. 36:1082-1088 (1997).

E. N. Jonsson and L. B. Sheiner. More efficient clinical trials
through use of scientific model-based statistical tests. Clin.
Pharmacol. Ther. 72:603-614 (2002).

L. B. Sheiner. Is intent-to-treat analysis always (ever) enough?
Br. J. Clin. Pharmacol. 54:203-211 (2002).

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

1049

L. B. Sheiner and D. B. Rubin. Intention-to-treat analysis and
the goals of clinical trials. Clin. Pharmacol. Ther. 57:6-15
(1995).

K. P. Zuideveld, A. van Gestel, L. A. Peletier, P. H. Van der
Graaf, and M. Danhof. Pharmacokinetic-pharmacodynamic
modelling of the hypothermic and corticosterone effects of the
5-HT1A receptor agonist flesinoxan. Eur. J. Pharmacol. 445:
43-54 (2002).

N. Frey, C. Laveille, M. Paraire, M. Francillard, N. H. Holford,
and R. Jochemsen. Population PKPD modelling of the long-term
hypoglycaemic effect of gliclazide given as a once-a-day modified
release (MR) formulation. Br. J. Clin. Pharmacol. 55:147-157
(2003).

P. Jenner. Dopamine agonists, receptor selectivity and dyskine-
sia induction in Parkinson’s disease. Curr. Opin. Neurol.
16:S3-S7 (2003).

P. Jenner. Pharmacology of dopamine agonists in the treatment
of Parkinson’s disease. Neurology 58:S1-S8 (2002).

C. E. Clarke and M. Guttman. Dopamine agonist monotherapy
in Parkinson’s disease. Lancet 360:1767-1769 (2002).

A. H. Schapira. Disease modification in Parkinson’s disease.
Lancet Neurol. 3:362-368 (2004).

T. H. Johnston and J. M. Brotchie. Drugs in development for
Parkinson’s disease. Curr. Opin. Investig. Drugs 5:720-726 (2004).
W. C. Koller and M. G. Cersosimo. Neuroprotection in Parkin-
son’s disease: an elusive goal. Curr. Neurol. Neurosci. Rep.
4:277-283 (2004).

C. W. Olanow. The scientific basis for the current treatment of
Parkinson’s disease. Annu. Rev. Med. 55:41-60 (2004).

D. B. Campbell, R. Lavielle, and C. Nathan. The mode of action
and clinical pharmacology of gliclazide: a review. Diabetes Res.
Clin. Pract. 14:S21-S36 (1991).

G. Pillai, R. Gieschke, T. Goggin, P. Jacqmin, R. C. Schimmer,
and J. L. Steimer. A semimechanistic and mechanistic popula-
tion PK-PD model for biomarker response to ibandronate,
a new bisphosphonate for the treatment of osteoporosis. Br. J.
Clin. Pharmacol. 58:618-631 (2004).

E. Abadie, D. Ethgen, B. Avouac, G. Bouvenot, J. Branco, O.
Bruyere, J. P. Devogelaer, R. L. Dreiser, G. Herrero-Beaumont,
A. Kahan, G. Kreutz, A. Laslop, E. M. Lemmel, G. Nuki, L.
Van De Putte, L. Vanhaelst, and J. Y. Reginster. Recommen-
dations for the use of new methods to assess the efficacy of
disease-modifying drugs in the treatment of osteoarthritis.
Osteoarthr. Cartil. 12:263-268 (2004).

P. Richette and T. Bardin. Structure-modifying agents for
osteoarthritis: an update. Jt. Bone Spine 71:18-23 (2004).

J. DeJongh, D. Eckland, R. J. Heine, and M. Danhof. Pioglitazone
efficacy in NIDDM (diabetes type II) therapy: unification of two
glycemic control markers by a cascading disease progression
model. In M. Danhof, M. Karlsson, and R. J. Powell (eds.),
Measurement and Kinetics of in vivo Drug Effects, Leiden/
Amsterdam Center for Drug Research, Leiden. Advances in
Simultaneous Pharmacokinetic/Pharmacodynamic Modelling,
4th International Symposium, 24-27 April, Noordwijkerhout,
2002.

W. DeWinter, T. M. Post, J. DeJongh, R. Urquhart, I. Moules, D.
Eckland, and M. Danhof. A mechanistic disease progression
model for type 2 diabetes mellitus and pioglitazone treatment
effects. 13th Population Approach Group Conference, Uppsala,
Sweden, http://www.page-meeting.org, 2004.

W. DeWinter, J. DeJongh, B. Ploeger, R. Urquhart, I. Moules,
D. Eckland, and M. Danhof. Disease progression modelling;
application of population analysis to distinguish between symp-
tomatic and protective treatment effects. 12th Population
Approach Group Conference, Verona, Italy, http://www.page-
meeting.org, 2003.

J. Gabrielsson and D. Weiner. Pharmacokinetic and Pharmaco-
dynamic Data Analysis: Concepts and Applications, Apothekar-
societeten, Swedish Pharmaceutical Society, Stockholm, 2000.
D. E. Mager, E. Wyska, and W. J. Jusko. Diversity of
mechanism-based pharmacodynamic models. Drug Metab. Dis-
pos. 31:510-518 (2003).

A. Sharma and W. J. Jusko. Characteristics of indirect pharma-
codynamic models and applications to clinical drug responses.
Br. J. Clin. Pharmacol. 45:229-239 (1998).



