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Four basic models of indirect pharmacodynamic responses were characterized in terms of changing
dose, L, OF S, and ICsp or SCsy to examine the effects of these fundamental drug properties
on response profiles. Standard pharmacokinetic parameters were used for generating plasma con-
centration, and response-time profiles using computer simulations. Comparisons to theoretical
expectations were made. In all four models, the maximum response (R,,,.) (inhibition or stimula-
tion) and the time of its occurrence (Tx,, ) were dependent on the model, dose, L., or S,.., and
ICsgor SCspvalues. An increase in dose or a decrease in ICsy or SCsy by the same factor produced,
as theoretically expected, identical and superimposable pharmacodynamic response patterns in
each of the models. Some parameters (Tx,,., ABEC) were nearly proportional to log dose, while
others (R, Cr,,.) were nonlinear. Assessment of expected response signature patterns as demon-
strated in this report may be helpful in experimental designs and in assigning appropriate models
to pharmacodynamic data.
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INTRODUCTION

In the field of pharmacodynamics, there are various approaches to
correlate the time course of pharmacological effects with plasma drug con-
centrations. However, the selection of the appropriate procedure for model-
ing of pharmacokinetic-pharmacodynamic data should, if possible, be based
on the mechanism by which a drug produces its response. Previously, four
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basic models were proposed for describing the pharmacodynamic responses
of drugs produced by indirect mechanisms such as by inhibition or stimula-
tion of the production or dissipation of factors controlling the measured
response (1). The classic example of an indirect mechanism is the inhibition
of prothrombin complex activity by the anticoagulant warfarin (2). The
applicability of these models to a diverse array of drugs has recently been
demonstrated (3).

The pharmacokinetic/pharmacodynamic parameter(s) of a drug can
be influenced by genetic, environmental, physiologic, or pathologic factors.
Primary or secondary drugs given clinically can change pharmacokinetic
and/or pharmacodynamic parameters or response profiles of the drug. For
instance, gender affects both the kinetics (clearance) and dynamics (ICs) of
methylprednisolone (4). The ICs, values for T-helper and T-suppressor cell
trafficking effects increased significantly after multiple dosing of methyl-
prednisolone in asthma patients (5). In the drug discovery process, it is
commonplace to develop a congeneric series of compounds with differences
in physicochemical, pharmacokinetic, and intrinsic potency properties, and
thereby alter the pharmacodynamic profiles (6). At present, the availability
of suitable experimental data is limited for full understanding of the effects
of changes in intrinsic pharmacodynamic parameters on the overall response
patterns. Such data include the drug concentrations and pharmacological
effects simultaneously measured after administration of drugs at different
rates or dose levels.

In the present report, we have further examined response patterns (data
signatures) expected from four basic indirect pharmacodynamic response
models in terms of the dose, maximum inhibition or stimulation capacity
(Imax OF Smax), and drug concentration producing 50% inhibition or stimula-
tion (ICsy or SCsp). These are fundamental properties or variables of a drug
and biological system. Full understanding of mechanism-based physiological
models requires varied doses and/or administration rates to generate various
pharmacodynamic response patterns. It was sought to determine whether it
is possible to generalize the data signatures of the dynamics of drugs that
have indirect response mechanisms and to provide simulations that comple-
ment and extend theoretical relationships developed recently for these
models (7,8).

THEORETICAL

The basic premise of this study is that the measured response (R) to a
drug is produced by an indirect mechanism. The rate of change of the
response over time with no drug present can be described as:

'R
R ko' R (1)
dt
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where k;, represents the apparent zero-order rate constant for production
of the response, ko, defines the first-order rate constant for loss of the
response, and R is assumed to be stationary with an initial value of Ry. The
response variable, R, can be a directly measured entity or it may be an
observed response which is directly and immediately proportional to the
concentration of a mediator. It is assumed that k;, and k., fully account
for production and loss of the response.

For the four models shown in Fig. 1, the rate of change of the response
over time in the presence of drug can be described as:

%—I;=kin-{1+H,(t)}—kou,-{1+H2(t)}-R 2

Models I (n=1) and II (n=2) represent processes that inhibit the fac-
tors controlling drug response (Fig. 1) where inhibition processes operate
according to:

Imax : Cp
IC5+GC,

H,()=— (3

R e k- (FHO) -k (1,0} R

Model Hy(t) Hy() Condition
I 0
(IC50+C) 0<I,, <1
IL..C
- max
I 0 (_Llcso +C) 0<I,,. <1
Spaz- C
11 (W:T{J—) 0 0<Spu
0 P
Spax- C
0 max ] 0 < S
I\ o Cp) max
Key
I[Cso Inhibition |:|SC5., Stimulation

Fig. 1. Four basic indirect response models represent
processes that inhibit or stimulate the factors controlling
drug response.
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The value of I,..., is always less than or equal to unity, i.c., 0 <I.«<1. The
plasma concentration of drug (C,) can be defined as a function of time and
ICs; is the drug concentration which produces 50% of the maximum inhibi-
tion achieved at the effect site.

A more specific form of Model I is:

dR
—=kin'{1+H1(f)}_kom’R (4)
dt
while Model I is:
R
‘;—t=km—kom~{1+Hz(r)}'R $)

Models III (n=1) and IV (r=2) represent processes that stimulate the
factors controlling drug response (Fig. 1) where stimulation processes oper-
ate according to:

H.() =MP_ (6)
SC50+ Cp

The SCso represents drug concentration producing 50% of the maximum
stimulation achieved at the effect side. The value of S.,.x can be any number
greater than zero.

The more specific form of Model III is:

dR

E=km' {1+ H ()} —kow R (7
and Model IV is:

dR

Ezkin—kout' {1+H2(t)}R (8)

A summary parameter used to characterize the overall effect of drug is
the area between the baseline and the effect curve (ABEC) which is defined
as

ABEC=|R,- t,— AUEC,_,| (9)

where R, is the baseline value and AUEC is the area under or over the
response vs. time curve over the time interval of 0 to ¢,. The value of ¢, is
assumed — co.

Some of the characteristics of the four basic indirect response models
that have explicit solutions include the following (7,8):
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Maximum Response (R.x) as Dose— oo or ICsy or SCsp—0:

Rinax N Ro(1 = Tnax) Model T (10)
Ruax ” Ro/(1 = Ipex)  ifIpex<1  Model II (11)
Rinax /00 if lx=1  Model II (12)
Runax 7~ Ro(1 + Smax) Model IIT (13)
Rinax > Ro/(1+ Smax) Model IV (14)

Drug Concentrations occurring at Ryux (Cr,,,):
- ICSO . (RO - Rmax)
Romas I{max - (1 - Imax)RO
ICso: (Rmax— R
Cr,, = —2 ( ) Model IT (16)
RO - (1 - Imax)Rmax
- SCSO . (Rmax - RO)
Romes RO(I + Smax) - Rmax
- SCSO ' (RO - Rmax)
Roman Rmax(l + Smax) - RO
Area Between the Baseline and Effect Curve (ABEC):

Model I (15)

Model ITI (17)

Model IV (18)

Lax D/V
ABEC=R, ln(l +—/ ) Modell (19)
ke ICso
ABEC(D-x)=R, Lo 1 In (1 + —D/—V) iflhax#1 Model I (20)
kel 1- Imax I 50
= R(,—k‘ﬂ‘—E 1n2<1 + P—/Y) if Inax=1 Model II
2(kel) ICSO
max D
ABEC=R, S In < 1+ / V) Model III  (21)
ke SCso
max D/V
ABEC(D—-0)=R, S l In (1 + / ) Model IV (22)
kel 1 + Smax SCSO

Equations (20) and (22) are solutions which can be obtained only at
high doses of drug.

Initial Slopes (S;):
The limiting values of the initial slope (S;) of the four models can be

identified by setting Egs. (4), (5), (7), and (8) equal to zero when C,— 0. The
limiting S; value will also depend on the maximum inhibition or stimulation
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capacity (Imax OF Siax) Of the drug. Since ki =kouw* Ro at steady-state, solu-
tions are possible using either k;, or Koy . Thus:

Si=—kin* Imax = —kour” Ro* Imax {(Modet I) 23)
S1=kin* Imax = Kour* Ro* Imax (Model II) (24)
Si1=kin* Smax=kout* Ro’ Smax (Model III) (25)
S1= —kin* Smax = —kour* Ro* Smax (Model IV) (26)
METHODS
Pharmacokinetics

Methylprednisolone was selected as the model drug for simulation since
its pharmacokinetics can be described using a linear, one-compartment
model, and it has been found to produce several indirect pharmacodynamic
responses. A volume of distribution (V) of 90 L and elimination rate con-
stant (ko) of 0.3 hr™' were used to simulate monotonic plasma concentra-
tion-time profiles at various doses (D) using

- 1000
Cp=(D v )'e_ke"' (27)

where the factor 1000 converts the plasma concentrations to ng/ml for mg
dose units.

Pharmacodynamics

The Iax OF Siax, ICse or SCso, and dose were varied individually to
define their effects on the pharmacodynamic response. A wide range for the
Lnax (0.2 to 1.0), Spux (0.2 to 1.5), ICse (10 to 500 ng/ml), SCsp (10 to
500 ng/ml), and dose {10 to 10,000 mg) were used for simulations. The
differential equations for Models I to IV were used in the PCNONLIN
program (SCI Software Inc., Apex, NC) to simulate the response versus
time profiles. The initial condition (Ro=30) and values of k;;=9 unit/hr
and ko =0.3 hr™' were chosen to produce reasonable response patterns.
The ABEC was generated over 0 to ¢, where ¢, is the time taken by the
response to return to baseline (Rp) after drug administration. The Initial
Slope (Si) of the response versus time curve was calculated over 0 to 1 hr.

RESULTS

Model I

Figure 2 shows the effects of changes in either I,.x, ICso, or dose of a
drug which produces its pharmacodynamic response by inhibition of the
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Fig. 2. Model 1 simulations of the pharmacodynamic response variables (solid
lines) with respect to time after a single iv bolus dose. Simulated pharmaco-
kinetic profiles at the corresponding doses are shown by dashed lines. The
indicated values of 1., (0.2 to 1.0) (A); ICs, (10 to 500) (B); and doses (10
to 1000) (C); were used to study their effects on pharmacodynamic response
and pharmacokinetic profiles. The heavy curves show the identical standard
condition for all simulations (In.x=1.0, ICso= 100 ng/ml, Dose=100). The
dots in Panel B indicate the response and time when C,=1Cs,.
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Table L. Effect of I, or S... on Properties of the Response Profiles

Lmax OF Spax Model 1 Model I1 Model 111 Model 1V
Rinax (‘%’Rmax)”
0.2 26.2 (—13) 34.4 (15) 33.8(13) 26.6 (—11)
0.4 22.4(—25) 39.7 (33) 37.6 (25) 23.8 (—21)
0.6 18.6 (—38) 45.9 (53) 414 (38) 21.4(~29)
0.8 14.8 (—51) 54.5 (82) 45.2(51) 19.4 (—35)
1.0 11.0 (—63) 65.1 (117) 49.0 (63) 17.7 (—41)
1.5 NA¢ NA® 58.5(95) 14.5 (—52)
Initial Slope” (S;)
0.2 -1.4 14 1.4 -1.4
0.4 —2.8 3.0 2.8 -2.7
0.6 —4.2 4.6 4.2 -39
0.8 -5.6 6.3 5.6 -5.1
1.0 -7.0 8.0 7.0 —6.2
1.5 NAC NA* 10.6 —8.8
ABEC
0.2 50 55 50 45
04 99 121 99 84
0.6 149 204 149 116
0.8 198 309 198 144
1.0 248 444 248 169
1.5 NA® NA* 372 219
TRmax
0.2 6.2 6.2 6.2 6.2
0.4 6.2 6.5 6.2 6.0
0.6 6.2 7.0 6.2 5.7
0.8 6.2 7.2 6.2 5.5
1.0 6.2 7.5 6.2 52
1.5 NA¢ NA* 6.2 5.0
CR"HIX
0.2 173 173 173 173
0.4 173 158 173 184
0.6 173 136 173 201
0.8 173 128 173 213
1.0 173 117 173 234
1.5 NA* NA® 173 247

“ %R max = [(Rmax— Ro)/Ro] - 100
» Initial slope= (AR /At)a,~
“NA: Not Applicable.

factors controlling k;, (Fig. 1: Model I). The numerical values of the proper-
ties such as Ry, S1, ABEC, Ty, , and Cg,,, resulting from the simulations
are provided in Tables I-III for the three parameters varied. The increase
in Tna.x resulted in a proportional increase in the maximum inhibitory
response (Rumax) up to the expected limit of 0. The initial slope (S;) of
response vs. time curves behaved similarly (Fig. 2A). A five-fold increase in
Imax (from 0.2 to 1.0) produced an increase in the maximum percent R,
and S; by nearly the same magnitude (Ry.x increased from 12.7 to 63.3%,
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Table 1. Effect of ICs, or SCs, on Properties of the Response Profiles”
IC50 or SC5() Model T Model II Model I11 Model IV

Rinax (A’Rmax)
0 {R()'(l—]max)} {R()/(l mdx)} {R() (1+Smax)} {R()/(1+Smax)}

10 4.0(—-87) 108.4 (261) 56.0 (87) 6 (—48)
50 8.1 (~73) 74.8 (149) 51.9 (73) 168( 44)
100 11.0 (—63) 65.1(117) 49.0 (63) 17.7 (-41)
250 15.5 (—48) 52.0 (74) 44.5 (48) 19.5 (~35)
500 18.4 (~39) 44.9 (50) 416 (39) 21.6 (—28)
Initial Slope (S))
0 ‘kin * Imax kin . Imux kin * Stnax —Kin - Smax
10 -7.7 8.9 7.7 —6.7
50 —7.4 8.5 7.4 -6.5
100 =70 8.0 7.0 —6.2
250 -6.2 6.9 6.2 —-5.5
500 -51 5.6 5.1 —4.6
ABEC
0 o oo s oo
10 464 1259 464 279
50 312 638 312 203
100 248 444 248 169
250 169 254 169 125
500 116 155 116 92
TRm‘u
0 0 @ oo 9]
10 9.5 12.5 9.5 7.5
50 7.0 9.0 7.0 6.0
100 6.2 7.5 6.2 52
250 5.2 6.0 5.2 4.5
500 42 5.0 4.2 4.2
Cr,.,
0 0 0 0 0
10 64 26 64 117
50 136 75 136 184
100 173 117 173 234
250 234 184 234 288
500 315 248 315 315

“ Symbols are defined in Glossary.

and S; increased from 1.4 to 7.0) (Table I). The arca between the baseline
and the effect curve (ABEC) was calculated to characterize the overall effect
of the drug. The ABEC increased proportionally with the increase in Lnax
(Table I) as expected [Eq. (19)]. The time of occurrence of the maximum
response T, was independent of Ina.x and, therefore, plasma drug concen-
trations at the time of maximal response Cg,,, remained constant with the
change in 1., . This is a general expectation for these models (note Remark
4: Ref. 7).

The effect of ICsp on the dynamic response profile is shown in Fig. 2B.
Lower ICs, values yield more pronounced effects. The percent maximum
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Table ITI. Effect of Dose on Properties of the Response Profiles”

Dose Model 1 Model 11 Model 11T Model IV
Rmux ((%’Rmux)
10 22.5(—25) 39.5(32) 37.2(24) 24.0 (—20)
100 11.0 (—63) 65.1 (117) 49.0 (63) 17.7 (—41)
1000 4.0(-87) 108.4 (261) 56.0 (87) 15.6 (—48)
10000 1.3 (—96) 180.6 (502) 58.7 (96) 15.1 (—50)
jeg} {R()(l —Imux)} {R()/(]—Imax)} {R()(] +Smux)} {R(l/(l +Smax)}
Initial Slope (S1) .
10 —-3.8 4.1 3.8 -3.5
100 -7.0 8.0 7.0 -6.2
1000 -7.7 8.9 7.7 —6.7
10000 -7.8 9.0 7.8 —6.8
o0 —kin* Linax kin “Tomax kin : Smux "kin * Sinax
ABEC
10 74 89 74 63
100 248 444 248 169
1000 464 1259 464 279
10000 659 2493 659 369
o o] jee] o0 0. 0]
T
10 4.0 4.2 4.0 4.0
100 6.2 7.5 6.2 5.2
1000 9.5 12.5 9.5 7.0
10000 13.0 18.0 13.0 10.0
oc 0 0 o0 e ¢}
CRmux
10 33 32 33 33
100 173 117 173 234
1000 643 261 643 1360
10000 2249 502 2249 5532
oK o0 e8] e9] [e0]

“ Symbols are defined in Glossary.

inhibitory response (%Rmax), S1, and ABEC increased with the decrease in
ICs. The Tg,,, shifted to later times and, therefore, Cg,, decreased with
the decrease in ICsy (Table II). The limiting value of R as IC5—0 is
Ry (1 =1,y [Table I and Eq. (10)].

Figure 2C shows the effect of dose on the dynamic response and phar-
macokinetic profiles. The curves show a typical declining response with a
delayed nadir, later return to baseline, and greater effects with larger doses.
This is expected to occur for any monotonic drug concentration profile (see
Remark 1, Ref. 7). The %R ux, Si, ABEC, Tg,,, and Cg,,, values increased
with the increase in dose (Table 1II), but Ry, and S; have limiting values
of 0 [=Ry- (1 —Inax)] and ~9 (= — kiy* Lnax) at larger doses (Dose—o0). The
ABEC and Tg_, continue increasing in proportion to log dose. This was
demonstrated previously for ABEC (9). Note the corresponding relationship
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for Rmax in Eq. (10) (7). However, both Cg,, and Tg,,, increase to infinity
as Dose— oo [Eqgs. (22) and (32), Ref. 7). This is also seen for Cg,,, in Eq.
(15) when R.x—0 and I,,.,=1.

It is interesting to note that an increase in dose or decrease in ICs,
by the same factor (i.c., constant Dose/ICs ratio) results in identical and
superimposable pharmacodynamic response patterns for this and subsequent
models (see Appendix). For instance, the dose of 1000 at ICs, = 100 produced
the same response as that produced at the dose of 100 at ICs,=10 (Fig.
2B, C). This property allows use of the ratio (ICs*V)/D as a nondimen-
sional parameter in seeking generalized solutions for these types of models

).

Model 11

Figure 3 characterizes Model II with respect to changes in either L.,
ICsy, or dose. The drug described by Model II produces its pharmaco-
dynamic response by inhibition of k.y (Fig. 1: Model IT). The effect of
Imax On the pharmacodynamic response variable is shown in Fig. 3A. The
maximum stimulatory response (Rm,), initial slope, and ABEC values
increased with the increase in 1.« (Table I). The Tg_,, shifted to later times
and, therefore, Cy,,, decreased with the increase in I« (Table I). The Ry«
will have a specific limiting value when 0<I..<1. However, if [,.x=1,
Rimax— 00 with large doses or low ICs, values [see Table III, Eqgs. (11) and
(12)]. This is a unique characteristic for Model II (7).

The effect of ICso on the dynamic response is shown in Fig. 3B. Lower
ICs values produce larger effect profiles. The Ry.x, Si, and ABEC values
increased with the decrease in ICsy (Table II). The limiting value of R, as
ICs50—0 is Ro/(1 —Inax) [Table 11, Egs. (11) and {12)]. The Tg,,, shifted to
later times and, therefore, Cg_, decreased with the decrease in ICs, (Table
IT). The value of Cy,,,, is proportional to ICse [Eq. (16)].

The effect of dose on the dynamic response and pharmacokinetic pro-
files are shown in Fig. 3C. The curves show increasing observed effects with
a delayed maximum and slow return to baseline; these effects increase in
relation to dose. These type of patterns are expected to occur for any mono-
tonic drug concentration profile (note Remark 1, Ref. 7). The Ry, Sy,
ABEC, Tg,, and Cg,,, values increased with the increase in dose (Table
IIT). The S, has a limiting value of 9 (=kin* Inax) at larger doses (Dose— o0),
while ABEC, Tg,,, and Cg,_,, values continue increasing in proportion to
log dose. The value of R, increases in proportion to dose only when
In.=1, otherwise large doses produce a limiting value of Ro/Cl—Inax)
[Table I1I and Eq. (64), Ref. 7}. Both Ty, and Cg_,, increase to infinity as
Dose— o0 [Eqgs. (22) and (32) of Ref. 7].
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Fig. 3. Model II simulations of the pharmacodynamic response variables (solid
lines) with respect to time after a single iv bolus dose. Simulated pharmacokinetic
profiles at the corresponding doses are shown by dashed lines. The indicated
values of Inax (0.2 to 1.0) (A); ICs (10 to 500) (B); and doses (10 to 1000) (C);
were used to study their effects on pharmacodynamic response and pharmaco-
kinetic profiles. The heavy curves show the identical standard condition for all
simulations (L. = 1.0, ICso=100 ng/ml, Dose=100). The dots in Panel B indi-
cate the response and time when C,=1C;,.
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An increase in dose or decrease in ICso by the same factor results
in superimposable pharmacodynamic response patterns (Fig. 3B, C, and
Appendix).

Model 111

Figure 4 shows the effects of changes in either S,,.x, SCso, or dose for
a drug which produces its dynamic response by stimulation of k;, (Fig. 1:
Model IIT). The effect of S,,.x on the dynamic response variable is shown in
Fig. 4A. The maximum stimulatory response (Rmax) and initial slope
increased proportionally with an increase in S,... The 7.5-fold increase in
Smax (from 0.2 to 1.5) resulted in an increase in the maximum percent Rax
and initial slope by nearly the same magnitude (R.x increased from 12.7
to 95.3% and initial slope increased from 1.41 to 10.55) (Table I). The former
occurs because Ry« is proportional to Ro(1 + S,.x) at large doses [Eq. (13)].
The ABEC also increased proportionally with an increase in S... (Table I)
as expected according to Eq. (21). Tg,,, remained constant with the increase
in Spax and, therefore, so did the Cg,, . This is expected for any monotonic
drug disposition profile (see Remark 4, Ref. 7).

The effect of SCs, on the response variable is shown in Fig. 4B. Lower
SCso values produce pharmacologic effects with greater magnitudes and
duration. The R,..c, Si, and ABEC values increased with the decrease in
SCsp (Table II). The Tg,,, shifted to later times and, therefore, Cg,,,
decreased with the decrease in SCso (Table II).

Figure 4C shows the effect of dose on the response variable and pharma-
cokinetic profiles. The profiles show greater observed effects with a delayed
maximum and slow return to baseline as dose is increased. These types of
curves are expected to occur for any monotonic drug concentration pattern
(note Remark 1, Ref. 7). The R, Si, ABEC, Tg,,, and Cg,,, values
increased with the increase in dose (Table III). The R,..x and S; have limiting
values of 60 [=Ry- (1 +Sp.x)] and 9 (=kin - Smax) at larger doses (Dose— )
[Eq. (13); also see Eq. (65) of Ref. 7]. ABEC increases nearly proportional
to log dose as expected from Eq. (21). However, both Cg,,,, and Tg__ increase
to infinity as Dose— oo [Eq. (22) and (32) of Ref. 7].

An increase in SCs; or a decrease in dose by the same factor produced
identical responses (Fig. 4B, C, and Appendix).

Model IV

The effects of changes in either S,.x, SCse, or dose for a drug whose
pharmacodynamic response can be described by Model IV are shown in
Fig. 5. This model represents a drug that stimulates k.. The effect of Smax
on the response variable is shown in Fig. 5A. The maximum inhibitory
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Fig. 4. Model! I1I simulations of the pharmacodynamic response variables (solid
lines) with respect to time after a single iv bolus dose. Simulated pharmaco-
kinetic profiles at the corresponding doses are shown by dashed lines. The
indicated values of Spax (0.2 to 1.0) (A); SCs (10 to 500) (B); and doses (10
to 1000) (C); were used to study their effects on pharmacodynamic response
and pharmacokinetic profiles. The heavy curves show the identical standard
condition for all simulations (Sp.x=1.0, SCs,=100 ng/ml, Dose=100). The
dots in Panel B indicate the response and time when C,=SCs.
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MODEL IV
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Fig. 5. Model TV simulations of the pharmacodynamic response variables (solid
lines) with respect to time after a single iv bolus dose. Simulated pharmaco-
kinetic profiles at the corresponding doses are shown by dashed lines. The
indicated values of Smax (0.2 to 1.0) (A); SCsq (10 to 500) (B); and doses (10
to 1000); (C) were used to study their effects on pharmacodynamic response
and pharmacokinetic profiles. The heavy curves show the identical standard
condition for all simulations (Smax= 1.0, SCsp=100 ng/ml, Dose=100). The
dots in Panel B indicate the response and time when C,=S8Cs,.
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response (Rmax), initial slope and ABEC values increased with the increase
in Spax (Table I). The limiting value of Ryux is Ro/(1 + Smax); see Eq. (14).
The Tg,,, shifted to earlier times and, therefore, Cg_, increased with the
increase in Sy, (Table I). Proportionality between Cg,,, and Sy« is expected
at higher doses [Eq. (18)]. ABEC is proportional to S;.x/(1+ Smax); see
Eq. (22).

Figure 5B shows the effect of SCsp on the dynamic responses. Lower
SCs, values produce response patterns with greater nadirs and duration. The
percent maximum inhibitory response (%0R.x), S1, and ABEC increased
with the decrease in SCso (Table II). Tg,,, shifted to later times and, there-
fore, Cg,,, decreased with the decrease in SCso (Table II). These behaviors
of ABEC and Cg,,, are in accordance with Eqgs. (18) and (22).

The effect of an increase in dose on the dynamic response is shown in
Fig. 5C. The curves show increasing observed effects with a delayed maxi-
mum and slow return to baseline; such effects increase with dose. The R,
Si, ABEC, Tg,,, , and Cg,, values increased with the increase in dose (Table
IIT). The Ry and S; have limiting values of 15 [=Ry/(1 + Si.x)] and —9
(=—kin* Smax) at larger doses (Dose— o) [Eq. (26), Table III, and Eq. (27)
of Ref. 7]. ABEC and Tg_,, continue increasing in proportion to log dose.
However, both Cg_,, and Tg,,, increase to infinity as Dose— oo (Eqgs. (22)
and (32) of Ref. 7). Again, these patterns are predicted by Eqgs. (18) and
(22).

An increase in dose or decrease in SCso by the same factor results in the
identical pharmacodynamic response patterns (Fig. 5B, C, and Appendix).

Effects of Dose

Since dose is the most readily manipulated variable in a pharmaco-
dynamic study, it is of interest to assess how selected parameters relate to
a wide range of doses of drug for each of the models. Figure 6 shows that
Tg,,, is nearly linear with log dose over a wide range of doses for all models
(see Eq. (62) of Ref. 7). Similar behavior occurs with ABEC. This is the
theoretical expectation for all models except Model II when I,,,.,,=1, ABEC
will be proportional to In? D (8). Thus, curvature is seen in Fig. 6 (Model II).

As shown in Fig. 7, R, shows a lower limit with log dose for Models
I and IV (also see Eqs. (63) and (66) of Ref. 7), and an upper limit with
log dose for Model I1I (also see Eq. (65) of Ref. 7). Rmax continues increasing
nonlinearly with log dose for Model I when I,.,=1. However, if I <1,
Rmax has an upper limit of Ry/(1—1,.,) with dose for Model II (see Eq.
(64) of Ref. 7). These relationships are-in accordance with Eqs. (10)-(14).
It can also be seen in Fig. 7 that Cg_, shows hyperbolic behavior with log
dose for all four models. These patterns may be inferred from Egs.

(15)-(18).
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Fig. 6. The time to reach maximum effect (Tg ) and the area between the baseline and effect
curve (ABEC) vs. the log of drug dose for Models I to IV. Values of I.c=1.0, S0 =1.0,
ICs0=100 ng/ml, and SCsy=100 ng/ml were used.



628

30

20

10

200

100

max
(-]

o 6o

45

30
30

20

10

Model I
®
[ ]
[ ]
! ! ! [ J
Model I L
®
[ ]
®
I 1 ! !
[
Model II o
®
®
i ! !
Model IV
®
[ ]
e °
| ! i !
10 100 1000 10,000

2400

1600

800

400

3000

CRmax

2000

1000

6000

3000

DOSE

Sharma and Jusko

Model I L4
i °
Y L
i ! L i
Model I
[ ]
[ ]
[ ]
[ ] | | |
[ Model I
[ ]
o
[
C , ] ] )
Model IV, [ ]
[
L , o
1 ! !
10 100 1000 10,000

Fig. 7. The maximum effect (Ry,) and the plasma concentration of drug at the time of
maximum effect (Cr_,.) vs. the log of drug dose for Models I to IV. Values of L, =1.0, Spux=
1.0, ICso= 100 ng/ml, and SCs,= 100 ng/ml were used.
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Model Identification

For pharmacodynamic modeling with a mechanistic basis, it is essential
to assign appropriate models to pharmacodynamic data based on the funda-
mental actions of the drug. It is also helpful to anticipate the nature of
expected model behavior. Pharmacodynamic response patterns occur down-
ward for Model I and IV, and upward for Model II and III. For instance,
if the drug causes a decrease in the pharmacodynamic response from its
baseline value, either Model I or IV may be able to characterize the general
pattern of response for one dose level. Similarly, if response increases from
its baseline value in presence of drug, either Model II or III may appear to
be applicable.

While an understanding of the mechanism of action of the drug is
the best approach to construction of the model, the following two methods
can be used for complete experimental identification of an appropriate
indirect response model: (i) a single iv dose study at more than one dose
level; and (ii) a steady-state iv infusion study at more than one administra-
tion rate.

In a single iv dose study, it is important that one of the dose levels be
sufficiently high to produce either full inhibition or stimulation of the system.
Pharmacodynamic parameters such as I.x OF Sp.x and ICse or SCsp can be
obtained by fitting the experimental data to two of the four models. These
parameters, in turn, can be used to estimate the maximum responses (Rax)
at large doses (Dose— o0) according to Egs. (10)-(14). Thus in the absence
of knowledge about the mechanism of action of the drug, one can determine
which model is more suitable by comparing experimental R,.x values
obtained at larger doses with estimated Ry values for models which
describe responses produced in the same direction.

In an infusion study, it is critical that the length of infusion be
sufficiently long not only to produce steady-state pharmacokinetics but also
steady-state conditions in the pharmacodynamic system. In other words, the
time of infusion should be based on the k.. value. For instance, if ko is
small, a longer infusion time is required, and vice-versa.

Figure 8 shows the effects of change in the infusion rate on the time to
reach the maximum response (Tx,,,) for the four models. In Models I and
111, the Tg,,, remained constant with the change in the infusion rate (Table
IV; Fig. 8) because the drug affects ki, for these two models (inhibits for
Model I and stimulates for Model III), and ., has no influence on the
time required by the pharmacodynamic system to reach steady-state under
continuous drug infusion. However, in Models II and IV, the Tg,,, changed
with the infusion rate (Table IV; Fig. 8) because the drug affects k,, for
these models (inhibits for Model II and stimulates for Model 1V). The ko,
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Fig. 8. Simulations of the pharmacodynamic response variables (solid lines) with respect to
time during and after a 24 hr iv infusion for the four models. Pharmacokinetic profiles at the
corresponding doses are shown by dashed lines. Values of Iynax=1.0, Spu=1.0, IC5=
100 ng/ml, SCso =100 ng/ml, and the indicated values of infusion rate (1 to 100 mg/hr) were
used to produce pharmacodynamic response and pharmacokinetic profiles.

value influences the time required by the pharmacodynamic system to reach
steady-state under continuous drug infusion. For instance, in Model II where
a drug produces its pharmacodynamic response by inhibition of k..., the
Tk, shifted to later time (Table IV) because the decrease in ko, due to the
drug would result in an increased time required by the pharmacodynamic
system to reach steady-state under continuous infusion of the drug. Simi-
larly, in Model IV, the Ty, shifted to earlier times (Table IV) because an
increased k., value produced an opposite behavior. Thus, one can determine

Table IV. Effect of Infusion Rate on Tk,

Infusion Rate Tr,,, (hr)
(mg/hr for 24 hr) Model 1 Model 11 Model III  Model IV

1 24 24 24 23

10 24 25 24 20
100 24 29 24 16
1000 24 37 24 14

“Tmax orl Smax=1; ICsp or SCsp=100 ng/ml; kiy=9 unit/hr; and kouw=
0.3hr™.
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which model is suitable for a drug by comparing experimental Ty, values
obtained at two steady-state infusion dose levels. However, a practical con-
cern is whether the response data allows clear identification of Ty, .

DISCUSSION

We have characterized the four basic indirect response models (Fig. 1)
with respect to changes in either L.y Or Spax, ICso or SCsy, and dose in
order to determine whether there are identifying features that can help under-
stand how these models function and to assign an appropriate model to
experimental data. In a previous report (1), the inhibition models (Models
I and II) assumed that the k;, or ko, process could be fully blocked and
thus no I,... was used. This report extends our previous inhibition models
by adding the I, factor because partial dynamic responses (inhibition or
stimulation) can occur for some drugs. For example, partial suppression of
dihydrotestosterone production by finasteride has been described (10). The
maximum inhibition or stimulation capacity (Im.x Or Smax) of the drug also
affects the limiting value of the initial slope as well as the AUC of effect. In
addition, we have sought methods of model identification, have shown the
interchangeability of Dose and ICsy or SCsp, and have demonstrated the
application of some new theoretical relationships (Eq. (10)-(26) and Appen-
dix I).

There are several common features of the pharmacodynamic profiles
of drugs which produce responses by indirect mechanisms described by
Models I to IV. All four models show that the maximum response (Ryax),
Si, and ABEC values increased, and the time of occurrence of R.a.x
(Tr,..) shifted to later times with the increase in dose or with the decrease
in ICs or SCso. Also, combinations of Dose- V™' /ICs, (or Dose- V™! /SCso)
which have the same value produce identical and superimposable dynamic
response patterns within each of the four models. The Rnmax, Si, and ABEC
values increased with the increase in L., or Sy.. in all models. The ABEC
and Ty, usually continue increasing in proportion to log dose (Fig. 6),
while R,..x has a limiting value at larger doses (Fig. 7) in all four models.
As observed previously, the maximum observed response (Rn.x) occurs
much later than the time of occurrence of maximum plasma drug concentra-
tions (time Q) because the drug causes incremental inhibition or stimulation
for as long as C,>ICs; (or SCsp). After the response reaches the maximum
or minimum, the return to baseline is then a function of both &;, and drug
elimination. Therefore, the response lasts beyond the presence of effective
drug levels because of the time needed for the system to regain equilibrium
(when ki =k - Ry).
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In Models I and 111, the response patterns appear similar though occur-
ring in opposite directions. For instance, the Tg,,, remained constant with
the change in . Or S,..« for both models. The values of %R max, Si, ABEC,
and Cg,, were identical with changes in Ly.x Or Spax, ICso or SCsp or dose
for both models. However, Model III allows for S,.x to attain values >1
beyond which most similarities end. The reason for these identical properties
is that the drug affects &;, in both models (inhibits &;, for Model 1 and
stimulates k;, for Model ITI) and the inhibition function = —stimulation func-
tion [Egs. (3) and (6)].

Models II and IV exhibit more distinctive dynamic response patterns
as a function of I or Spux, ICse or SCso and dose. Besides occurring in
opposite directions, an increase in these parameters produced values of
Tr,...> YoORmax> S1, ABEC, and Cg,,, which changed dissimilarity for the two
models. In both models the drug affects ko, (inhibits k., for Model IT and
stimulates &, for Model IV). The explicit functions for ABEC indeed differ
in structure between Model II and IV [Egs. (20) and (22)].

In Models I and IV, although the response patterns occur in the same
direction, the numerical values of the properties which characterize the
response patterns were dissimilar because the drugs affect different compo-
nents of the indirect effect model (inhibits k;, for Model I and stimulates
kou for Model TV). The values of Ty, , %R uax, Si, ABEC, and Cg,, were
different as a function of In.x OF Spax, ICs0 or SCse and dose for the two
models. Similarly, in Models IT and III, the response patterns occurred in
same direction bui with different curve properties.

For complete experimental identification of an indirect response model,
the studies should be done at more than one dose level or administration
rate of a drug. If two dose levels are used, the higher dose or rate should be
sufficiently large to determine whether full or partial inhibition or stimulation
occurs, and whether the initial rate of change of response represents the true
value of kin* Imax OF kin- Smax depending on the model. Alternatively, two
administration rates can be used for experimental identification of a model
by determining the effect of the infusion rate on Tg,,,. If Tr,,, changes with
the infusion rate then either Model IT or IV may apply which can be distin-
guished by the direction of the response profile. In contrast, Models I and
III do not exhibit any change in Ty, with the altered infusion rate.

In some cases, three doses may be necessary for model identification,
since low drug doses may produce intermediate effects, and the properties
of the model may not be fully clear. For instance, both Models II and 1II
were able to characterize the general pattern of increased numbers of natural
killer cells in blood following a low single dose of prednisolone (10 mg/
day). It was difficult to determine which model was more suitable on the
basis of curve fitting (11), and simulations of the expected effects of larger
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doses showed dissimilar response profiles. However, Model Il produced ICs,
values which were in close concordance to dissociation constant (Kp) values
for prednisolone receptors in lymphocytes.

An indirect pharmacodynamic response (R) will mimic that of a direct
response occurring in a biophase outside of plasma when the kinetics of R
are “fast” i.e. kou>ke, Where k., is the rate constant for drug equilibration
between plasma and an effect site (12). For instance, the discrimination of
a changing Ty, of some indirect pharmacodynamic responses at different
dose levels would be less obvious if kou>k.,. For closer examination of
such a drug and system, intensive sampling times with respect to the ¢,,, of
keo will be required (6).

GLOSSARY

A Ratio of D/ICso

ABEC Area between the baseline and the response curve (0 to ¢,)

G Plasma concentration of drug at any time

Crmax Plasma concentration of drug at the time of maximal response

D Dose of drug

H.,(t) Hill function for Model n

ICs Drug concentration producing 50% of maximum inhibition

Imax Maximum inhibitory factor attributed to drug (0<I,..<1)

ke First-order rate constant for drug elimination

keo Rate constant for drug equilibration between plasma and a
hypothetical effect compartment

Kin Apparent zero-order rate constant for production of drug
response

Kout First-order rate constant for loss of drug response

R Response variable

Rinax Maximal response

Ro Baseline response prior to drug administration

SCs Drug concentration producing 50% of maximum stimulation

Srax Maximum stimulatory factor attributed to drug (Syax>0)

S Initial slope of the response versus time curve

t Time after drug administration

t Time when response returns to baseline

TRmax Time to reach maximum response following drug administra-
tion

v Volume of distribution
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APPENDIX

Identical and superimposable dynamic response profiles were observed
when both the dose and ICs, or SCs, were changed in such a way that their
ratio (i.e., D/ICs, or D/SCs) remained constant. This can be anticipated
for any linear pharmacokinetic function.

The inhibition function is

max * Cp

Hn(t) == L

Al
IC50+ Cp ( )

For a drug having linear, monoexponential pharmacokinetics, the
plasma concentration C, at any time ¢ after iv bolus dose (D), can be
described by

D _ -t
Come™ (A2)

Substituting Eq. (A.2) in Eq. (A.1)

D _ .
Imax'Ae Kerrt

H()=-—— (A3)

D
ICso+—e "
Ty

Assuming A=D-V~'/ICs, L(f)=e™"" and rearranging yields

H.(f)= _Imax- A-L(®) (A.4)
1+A-L(2)

Thus, any combination of ICs, and Dose/V which produce the same values
of A will result in identical degrees of inhibition (or stimulation) as described
by Eq. (A.4).

This expectation can be generalized further for any linear pharmaco-
kinetic function. The Laplace transform of plasma (or any biophase) drug
concentration can be written as (13,14):

C,=D- (ins) - (dis) (A.5)

where ins and dis are Laplace transforms of general dose input and unit
disposition functions. The latter applies to any multi-compartment model
and ins functions have been identified for bolus, first-order, zero-order, and
combined methods of drug administration (14). The dose is a constant which
factors directly into the time domain and anti-transformation of Eq. (A.5)
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C,=D" Input- Disposition (A.6)

thus yielding equations similar to Eq. (A.4).
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