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Abstract

Four basic models for characterizing indirect pharmacodynamic responses after drug
administration have been developed and compared. The models are based on drug effects
(inhibition or stimulation) on the factors controlling either the input or the dissipation of drug
response. Pharmacokinetic parameters of methylprednisolone were used to generate plasma
concentration and response-time profiles using computer simulations. It was found that the
responses produced showed a slow onset and a slow return to baseline. The time of maximal
response was dependent on the model and dose. In each case, hysteresis plots showed that drug
concentrations preceded the response. When the responses were fitted with pharmacodynamic
models based on distribution to a hypothetical effect compartment, the resulting parameters were
dose-dependent and inferred biological implausibility. Indirect response models must be treated as
distinct from conventional pharmacodynamic models which assume direct action of drugs. The
assumptions, equations, and data patterns for the four basic indirect response models provide a
starting point for evaluation of pharmacologic effects where the site of action precedes or follows
the measured response variable.

Keywords
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INTRODUCTION

The growing body or phannacokinetic/phannacodynamic literature emphasizes the important
niche created by phannacodynamic modeling. Only a small percentage or studies have
jointly measured drug levels and pharmacologic effects. When the pharmacological effects
are seen immediately and are directly related to the drug concentration, a phannacodynamic
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model such as a linear model, an model, or a sigmoid Ema. model is applied to characterize
the relationship between drug concentrations and effect. When the pharmacologic response
takes time for development, and the observed response is not apparently related to plasma
concentrations of the drug, a "link model™ is usually applied to relate the pharmacokinetics
of the drug with its pharmacodynamics (1). The most commonly encountered application
presently involves using the effect-compartment approach which assumes that the rate of
dtug distribution to and from the hypothetical effect site will determine the rate of onset of
effect. Following the modeling of d-tubocurarine by Shei ner et al. (2), several other
methods have been investigated including the semiparametric approach (3). This topic has
been the subject of comprehensive reviews (4,5).

Many drug responses, however, may be considered indirect in nature. Earliest
characterizations of an indirect response examined the anticoagulant effect of warfarin (6,7).
Other response models such as direct suppression models for glucocorticoid responses have
been developed (8). A two-compartment closed model has been described for the trafficking
of basophils following methylprednisolone exposure (9). The trafficking of helper T
lymphocytes (10) and natural killer cells (11) due to glucocorticoid exposure have also been
modeled. Other processes such as prolactin suppression (12) and osteocalcin suppression
(13) have also been studied. More complex models of indirect pharmacologic action such as
the receptor/gene-mediated induction of the enzyme tyrosine aminotransferase (TAT)
require a multi-step cascade of events (14).

In each of the above situations, following the dose of the drug, there is a slow accretion of
the drug response which is governed by the inhibition or stimulation of factors controlling
this response. In actuality, these can produce either an increase or decrease in the observed
response variable depending on whether lhe input or disposition process is inhibited or
stimulated. In the present report we propose a family of four basic indirect response models
to account for the most commonly observed types of responses. Our main purpose is to
present the theoretical basis and observed response patterns for these basic indirect response
models. A second objective is to show the limitations of applying the sigmoid E,,x model
using the effect-compartment approach (distributive sigmoid En,;x model) to fit data that are
described by indirect models.

THEORETICAL

The basic premise of this study is that a measured response (R) to a drug may be produced
by indirect mechanisms; for example, factors controlling the input or production (k;,) of the
response variable may be either inhibited or stimulated, or the determinants of loss (kqt) of
the response vaiiable may be inhibited or stimulated. The rate of change of the response over
time with no drug present can be described by

dR
_:kzn - kou ‘R

7 t @

where k;, represents the zero-order constant for production of the response and kg defines
the first-order rate constant for loss of the response. It is assumed that ki, and kg fully
account for production and loss of the response. The response variable R may be a directly
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measured entity or an observed response which is immediately proportional to the
concentration of R. In Fig. 1, Model | and Model 2 represent inhibitory process that operate
according to the classical inhibitory function, I(t)

1 Cp
Cp+ICso (

I(t)= 2)
where Cp represents the plasma concentration of the drug as a function of time and ICSG is
the drug concentration which produces 50% of maximum inhibition achieved at the eftect

site. Accordingly, the rate of change of drug response in Model 1 can be described by

dR
E:kin -1 (t) —kout - B (3)

Model 2 describes drug response that results from inhibition of the factors controlling the
dissipation of the response variable according to

R — ko I (t)-R (@

dt —hn out ) ( )

Note that in Models 1 and 2, an Enyax for maximum inhibition is implied by the assumption
that inhibition can completely negate the functioning of the affected factors, i.e., when Cp »
ICsp, I(t) approaches zero. In addition, note that I(t) approaches unity when Cp « ECg.

In Fig. I, Model 3 and Model 4 represent proceses that stimulate the factors controlling drug
response and operate according to the stimulation function, t)
E -Cp

S (t :14_& 5
(1) ECoicp ©

where Enax represents the maximum effect attributed to the drug and EC50 represents drug
concentration producing 50% of the maximum stimulation achieved at the effect site. When
Cp » ECqg, the net effect approaches the maximal value of Eqay plus the baseline constant.
On the other hand, when Cp « ECsp, the net eHect approaches the baseline effect, i.e., St) ~
1.

Model 3 represents drug response that accrues from stimulation of the factors that control
the production of the response variable according to

_:k'm ) (t) - kout ‘R (6)
When drug response is attibuted to factors controlling the dissipation of the response

variable, Model 4 describes the rate of drug response by

dR

E:kzn - kout -5 (t) ‘R (7)
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As stationarity is assumed for all models, the response variable (R) begins at a
predetermined baseline value (Rp), changes with time following drug administration, and
eventually returns to (Rp). Thus

kin:kout . Ro (8)

which reduces the number of operative parameters in these models. Equations (2) and (5)
entail an assumption that drug effects correlate directly to plasma drug concentrations; thus,
Cp can be generated using classical pharmacokinetic models describing drug input and
disposition rates.

In these models, R represents the measured response variable while the effect site represents
a separate locus of drug action where the mechanism of action controls either stimulation or
inhibition of the designated controlling process (ki or Kout)-

METHODS

Pharmacokinetics

Methylprednisolone (MP) was chosen as a model drug for simulation since its
pharmacokinetics can be described using a linear, one-compartment model, and its
pharmacodynamic effects are indirect. Pharmacokinetic profiles were generated for single
intravenous (iv) doses (D) administered as a bolus or as a constant infusion. In order to
produce a wide range of responses, four dose levels were selected: 1, 10, 100, and 1000 mg.
Literature values for a one-compartment volume of distribution (V) equal to 86 L and an
elimination rate constant (ke) equal to 0.29 hr~1 were selected to simulate plasma MP
concentration-time profile using

D - 1000
“p :< v )e_km )

where the factor 1000 converts the plasma concentrations to ng/ml. Plasma drug
concentrations following administration of single iv infusions over 6 hr were simulated
using

D
D 1000

_ ketT __ —Keit
p= V kg (e 1) e (10)

where T=twhent<T, T=Twhent>T, and T is the infusion time (6 hr).

Distribution Sigmoid Eny,ax Model

The indirect response models produce a delayed response that can be misinterpreted as
caused by the rate of drug distribution to an eflect compartment. Data obtained from the
simulations were refitted based on such a model to evaluate the two approaches.

The sigmoid E;x equation that was applied to data that behaved as an inhibitory response is
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Emax -Cr
E:EO - cn —|—Ci (11)
50 B

where E, represents the baseline effect prior to drug administration, n is the sigmoidicity
factor, and Cg is the drug concentration at the eflect site. The data were also fitted with a

simple distributive Epx model, i.e., with n=1in Eq. (11). All other parameters remain
analogous to those previously defined.

The sigmoid Epax equation that was applied to data that behaved as stimulatory responses is

Emaz : Cn
E=F 7 B
ot EC%LO_’_C;: (12)

Apparent effect site concentration (Cg) vs. time profiles were generated for the one-
compartment, iv bolus administration according to

_D-1000 -keo /gt kot
Ty gy ()

where k. represents the first-order rate constant for drug loss from the effect site. Equations
(11) [or (12)] and (13) were fitted simultaneously to obtain keg, Emax, N, and 1Csq (or ECsp).
The corresponding equation for Cg used for the one-compartment, iv infusion case was

D.1000 - ke, [(e’“el'T - 1) e ket (ek”"T - 1) efkm-t]
“e= Vv L Kei (ko — ker) * keo (ke — keo) J

(14)

where T is defined as in Eq. (10)

The differential equations for Models 1-4 were used in the PCNONLIN program (SCI
Software Inc., Lexington KY) to simulate the response versus time profiles. Initial parameter
valu es and initial conditions (Table I) were obtained from literature values for Model | as
applied to basophil cell trafficking (9). The initial conditions (R,) for Models 2 and 3 and
the Eax values for Models 3 and 4 were chosen arbitrarily.

The distributive sigmoid En,x models were fitted to selected data points from simulated
pharmacodynamic profiles using PCNONLJN. A weight of I/y was used except for Model 1
for the 10-mg dose and for simultaneous fitting of all doses in Model 2, where the data fitted
best when no weighting schemes were used.

RESULTS
Model Fitting

The results of simulating the pharmacokinetic profiles of methylprednisolone for four dose
levels are shown in Fig. 2. Linear kinetics and a wide range of plasma concentrations are
evident.
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Figure 3 portrays Model 1 data (inhibition of the factors controlling the production of
response). Simulations were performed by applying Eqg. (3) to plasma drug concentrations
generated by Eq. (9). The top panel shows how the inhibitory indirect response mechanism
produces a slow diminution of the response variable with a maximum inhibitory response
observed serveral hours after drug administration. Thereafter, the response gradually returns
to the baseline with a later return found with the larger does. The time of occurence of
maximum inhibition (Tmax) shifts to later times with larger doses and these values
(estimated from simulations) are listed in Table Il. The net response is proportional to the
log of dose. The middle panel shows a hysteresis plot of response versus plasma drug
concentration. During the time when drug concentration and responses are returning to
baseline, there is a near superpositioning of the curves. The lower panel shows the fitting of
the data to the distributive sigmoid Ep,ax model individually for the four doses of the drug.
Table Il illustrates how the individual parameters obtained with the fittings change with
dose. In particular, the 1Csq values increase nearly 100-fold over the d osage range. The data
from the higher doses fit poorly while simultaneous use of data from all four doses produces
intermediate parameter estimates with the poorest fitting (not shown in figure).

Figure 4 shows iv in fusion data for Model I generated by applying Eq. (14) to MP plasma
infusion data simulated by Eq. (10). The general observations are similar to those found in
Fig. 3. The middle panel of Fig. 4, however, shows the more common expression of
hysteresis generally associated with an effect compartment. Note that the direction of the
curves is clockwise as a decreasing response is plotted on the ordinate. Again, the lower
panel shows poor fitting of the data (using a distributive sigmoid E,5x model) at higher
doses. Table 11 shows the dose dependency of the parameter estimates obtained from
individual fitting of the doses with this model. Besides the marked changes in kg, 1Csg, and
n with dose, these apparent parameters differ from values gene rated for Model | data from
the preceding iv bolus base.

In Fig. 5, the three pane Is characterize Model 2 which exemplifies inhibition at the site of
loss of drug response. The initial responses for all doses superimpose. The time of
occurrence of the maximum response is dependent on the dose (see Table I1) with later Tyax
values at larger doses. Compared to the oth er three models, the responses return to baseline
more quickly. The hysteresis plot in the middle panel of Fig. 5 demonstrates
counterclockwise curves as an increasing response is plotted on the ordinate . In the lower
panel, which shows the fitting of the data with a distributive sigmoid E,5x model, the larger
doses reveal a poor fitting as seen previously in Figs. 3 and 4. The estimated parameters,
listed in Table I, vary with dose with the kg, values affected most.

The pharmacodynamic profiles resulti n g from simulations when Model 3 (stimulation of
the factors controlling the production of the drug response) is applied are shown in Fig. 6.
Compared to Model 2, the time of maximum response does not shift as such with dose
(Table I1). As in Model 2, the middle panel shows an anticlockwise direction of the
hysteresis. The lower panel shows that, for this model, all the dose levels were fitted well
with the distributive sigmoid model when the fittings were performed individually for each
dose. However, as seen in Table 11, the parameters showed similar dose dependency as seen
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with the other models. An attempt to fit all four doses simultaneously resulted in poor fitting
or all profiles (not shown in figure).

Figure 7 shows the pharmacodynamic profiles resulting from Model 4 (stimulation of the
factors controlling the loss of response). The time for maximal response shifted only slightly
with dose (Table I1). As seen in Figs. 3 and 4, the hysteresis in the middle panel is clockwise
since a decreasing response is plotted. The lower panel shows that the distributive sigmoid
Emnax model fitted the data from the lower doses better than the data from the higher doses.
Table I11 shows similar dose dependency of the estimated parameters seen with the other
models, with the 1Csg changing severely (150-fold range). As expected, a simultaneous fit of
all four dose levels resulted in a poor fitting.

DISCUSSION

Indirect Response Patterns

The four basic indirect response models were developed to account for the most commonly
expected types of responses. These models have common characteristics as observed from
the plots or the simulated data. The net response increases with dose until a maximum value
is obtained. Models | and 4 express this maximum response as a theoretical minimum of
zero, although Model 4 may not reach zero depending on the value set for Epzx. In all four
models, the time of occurence of the maximum or minimum response is shifted to later
times as the dose increases. The initial rate of change of the response maintains the same
value, governed by Ky, independent of dose. This phenomenon was observed previously
with the pharmacokinetic/pharmacodynamic modeling of glucocorticoid suppression of
basophil trafficking (8,9). In addition, all four models show a slow return to baseline which
proceeds to occu r when plasma drug concentrations decline to very low values (below ICsg
or EC5p). The equations predict and the curves demon strate that the retu rn rate of responses
with the larger doses are essentially parallel as they are governed by the zero-order constant,
kin When the responses are nearly back to baseline, the curves are a function of k;,, Kot, and
the changing value of R, which ren der these as nonlinear functions.

As the models assumed stationarity, all curves return to the original baseline. As the four
basic indirect response models yield both common and differential characteristics, these
models may serve to classify appropriately collected dose-response data.

Typically, experimental data demonstrate either an increased or a diminished response with
time after dosing of the drug. Pharmacologic insight into the mechanism of action of the
drug is n eeded to identify whether inhibition or stimulation is occurring. In the case of
methylprednisolone effects on basophils and helper T cell trafficking, Model | produced
ICsq values that were similar to receptor Kp values supporting an assumption of inhibition
of ki, (8-10).

Effect Compartment Model

The basic appearance of an effect compartment model with distribution governing drug
movement to and from the effect site may seem analogous to the indirect response model ki,
and Koy, processes. Part of the purpose of this work was to assess what happens when the
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effect compartment model is used in characterizing data which are more accurately
described by an indirect mechanism of action. The model used for the present fittings
(distributive sigmoid En3x, model) was found to fit the data better than the simple Epax
model using an effect compartment (data not presented).

Generally the distributive sigmoid Ep,5 model could fit individual response patterns
extremely well with the poo rest fitting observed with larger drug doses. However, when
common parameters were sought in jointly fitting of all dose levels with this model, overall
fitting was poor as the distributive model requires that all dose levels produce maximum
effect at the same time. The indirec t models entail a later Ep,5x with larger drug doses. As
expected, most parameters obtained from simultaneous fitting (Table 111) fall between the
range of the individual estimates. However, there are some inconsistencies, particularly in
the n and Eqax Values which may be a limitation of the filling algorithm. However, using a
different algorithm (NelderMead vs . Gauss-Newto n modifications in PCNONLIN) did not
change this situation.

The dose dependency of the estimated parameters (shown in Table 111) creates a biologically
implausible situation where the sensitivity (1Cso/ECs), the capacity (Emax). and the n value
for a system change with dose . Thus, the distributive model, while seemingly capable of
characterizing the data, has severe limitatio ns when appl ied to fitting data described by an
indirect response.

There have been situations in pharmacodynamic modeling of prednisolone (15),
methylprednisolone (16), and dexamethasone (17) where these limitations have been
observed.

GeneralApplications

Since many drugs act by inhibiting or stimulating the release of an endogenous physiologica
| factor, the models presented in this paper may have a broad general applicability. Besides
the examples cited, other classes of drugs for which these or more complex models may be
applicable include histamine Hi-receptor antagonists, such as cimetidine, which reduce
gastric acid secretion (18); oral hypoglycemic agents, such as tolbutamide, which lower
blood glucose levels by stimulating the secretion of insulin (19); angiotensin-converting
enzyme inhibitors, such as captopril, which reduce blood pressure by inhibiting the
formation of angiotensin Il (20); aldose reductase inhibitors, such as AL 1576, which inhibit
the formation of sorbitol from glucose (21) ; and dopamine antagonists, such as remoxipride,
which stimulate the secretion of prolactin (22). It is apparent that the pharmacodynamics of
these drugs may be characterized using Model 1 or 3. The effects of reversible
anticholinesterase agents (e.g., physostigmine) which inhibit the enzymatic breakdown of
acetylcholine may be characterized using Model 2. Examples of Model 4 type drugs include
diuretics such as furose mide which stimulate the sec retion of electrolytes and urine (23).
Other classes of drugs whose actions might be characterized by these models include
cholinergic agonists/antagonists, adrenergic agonists/antagonists, opioid analgesics and
antagonists, nonsteroidal anti inflammatory agents, 5-hydroxytryptamine antagonists,
hormones, and hormone antagonists.
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The four basic indirect response models proposed in this paper represent the most simplistic
approaches to modeling drug effects on the input and output processes. It is logical to expect
that more complex models involving partial inhibition or stimulation or joint effects on input
and output processes may be adapted. As found for cortisol and helper T cell suppression,
kin may be a circadian rather than zero-order constant (8, 10). It may be necessary to add the
sigmoidicily factor (n) to the I(t) or t) functions for some drug effects. The locus of drug
action may correspond to a tissue site which may require a more complex model involving a
distribution function. If more than one active substance is present (such as an active
metabolite) at the site(s) of action, it may be necesary to adjust the models to accommaodate
for the action of each. Finally, ki, and kot may control biological mediators which, in turn,
require time to evoke the observed response. Thus a cascadetype model may be required
(14).

This report proposes four basic models to represent drug responses that are characterized by
indirect mechanisms. The actual response patterns of specific drugs may vary with the
selection of constants and initial parameter estimates other than those used to simulate the
data presented in this paper.
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APPENDIX A

Initial estimates of parameters for Models 1-4 may be obtained from experimental dat a fol
lowing an iv bolus dose of drug as described in this section .

Model I : This model is described by

dR Cp
=FRin -

—= 1— — ) — ko R
dt IC50—|—Cp> out

Att=0, R= R,, Cp =0, and dR/dt = 0 (steady state). Therefore
kin=kout - Ro- (A1)

When Cp » ICsq (soon after iv bolus drug administration)

dR

E: —kout - B (A2)

and a plot of In (R) vs. time yields a slope of ky,t. At Tmax, dR/dt =0, and a maximum
response (Rmax) Occurs

Cp (Tmam)

ST -
" ICSO"'CP (Tmaz)

=kout + Rmax (A3)
Substituting Eq. (A1) in (A3) and rearranging
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I C50 _ Rmaz
1 CSO+Cmax Ro

Inverting both sides, and rearranging

Rmaa: : Cp (Tmaw)

ICx=
Ro - Rmax

(A4)

To obtain the ICsg , the Ryax, Tmax, and Ry can be estimated from the data and Cp(Tyax) can
be calculated from the pharmacok inetic model.

Model 2: This model is described by

R~ ko (1 i R
dt —Min out ICSO+CP

Att=0,R=R,, Cp=0, and dR/dt = O (steady state). Therefore, kin = Koyt - Ro-

When Cp » ICsq (soon after drug administration)

dR
——k-
P (A5)

and a plot of Response (R) vs. time yields an initial slope of kj,. For this model, ICsq can be
obtained from

:Ro : Cp (Tmam)

1C5
Rmaz - Ro

(AB)

where the right-hand side includes observed parameter values.
Model 3: This model is described by

dR_, ( Epaz - Cp

afr_ — ko R
dt EC’50—|—C’p> out

Att=0,R=R,, Cp=0, and dR/dt = 0. Therefore, ki, = Koyt - Ro.

When Cp » ICsq (soon after drug administration)

dR
E:kin . (1+Emaz) - kout : Ro (A7)

and a plot of Response (R) vs. time yields a slope of —kip, . Emax. Since at Eqax, dR/dt = O,

Emaac : CP (Tmax)

ko .
" EC5O+CP (Tmax)

:kout : Rmam
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Substituting for ki, and rearranging

R, ECs 1 1
= : + A8)
R’"L(LIE - RO E’"I,(J..'L' Cp (TTTL(L’L') E"L(L.’L'

Thus, a plot of Ry/(Rmax - Ro) Vs. 1/ Cp(Emax) Yields an intercept of 1 /Enyax and a slope of
ECSO/EmaX

Emax can also be estim ated by the following
Emaz: (Rmaz/Ro) -1 (A9)
which is useful if responses are measured only at one dose level.

Model 4: This model is described by

dR

E, -C
%:kin - kout . (1+ il p) .

ECy+CP
Again, att=0, R=R,, Cp =0, and dr/dt = 0. Therefore, ki, = Koyt - Ry
When Cp » ICsq (soon after drug ad ministration)

dR/dt=kip — kout - (1+Emaz) - Ro

and a plot of Response (R) vs. time yields an in itial slope of —Kqyt . Ry Emax- Since at Eqax,
dR/dt =0

Emam . Cp (Timas)
k. =k 1 R
mn out +EC5(]+CP (Tmax) max

Substituting for ki, and simplifying

Ry ECs L1
Ro _Rmaz Emaz CP (Tmax) Emaz

(A10)

Thus, a plot of Rpax/(Ro = Rmax) VS. L/Cp(Emax) Yields an intercept of 1/Eqax and a slope of
ECSO/Emax.

Emax can also be estimated by the following
Emaz= (Ro/Rmaz) -1 (A11)

which is useful if responses are measured only at one dose level.
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GLOSSARY
Ce Drug concentration at the hypothetical effect site
Cp Plasma concentration of drug
Cp(Trmax) Plasma concentration of drug at the time of maximal response
D Dose
ECgg Drug concentration producing 50% of maximum stimulation at effect site
Emax Maximum effect attributed to drug
Eo Baseline effect prior to drug adm inistratio n
ICso Drug concentration producing 50% of maximum inhibition at effect site
Kql First-order rate constant for drug elimi nation
Keo First-order rate constant for drug loss from effect site
Kin Zero-order rate constan t for production of drug response
Kout First-order rate constant for loss of drug response
n Sigmoid icity factor of the sigmoid Epax equation
R Response variable
Rmax Maximal (or minimal) response
Ro Initial response (time zero) prio r to drug admin istration
t time after drug administration
T Infusion time
Tmax Time to reach maximum effect following drug administration
\% Volume of distri bution
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Time

Four basic indirect response models characterized by either inhibition or stimulation or the
response variable. The shapes of the responses are depicted on the right of each model.
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Fig. 2.
Simulated pharmacokinetic profiles of methylprcdnisolonc following the administration of

the four doses (1, 10, 100, or 1000 mg) either as an intravenous bolus (left panel) or as an
intravenous infusion over 6 hr (right panel).
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Fig. 3.

M?:)del I simulation of the response after a single iv bolus dose with respect to time (upper
panel) and plasma concentration (middle panel). The curves in the lower panel represent the
best filling of the distributive sigmoid E;,x model to the simulated data (symbols) from the
indirect response model. Methylprednisolone iv doses of 1 mg (< - - -). 10 mg (O —),
100mg(d —), 100mg(a ---).
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Response

Response

Fig. 4.
Model I simulation of the response after a single iv infusion dose given over 6 hr vs. time

(upper panel) and plasma concentration (middle panel). The curves in the lower panel
represent the best filling of the distributive sigmoid E.,. model to the simulated data
(symbols) from the indirect response model. Methylprednisolone iv doses of 1 mg (< - - -).
10 mg (O —), 100mg (O —), 1000mg (A ---).
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Model 2 simulation of the response afier a single iv bolus dose with respect lo time (upper
panel) and plasma concentrarion (middle panel). The curves in Ihc lower panel represent the
best filling of the distributive sigmoid Eqax model lo the simulated data (symbols) from the
indirect response model. Mcthylprcdnisolone iv doses of 1 mg (< - - -), 10 mg (O —), 100
mg (O —), 100 mg (A - - -).
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Fig. 6.

M?:)del 3 simulation of the response after a single iv bolus dose with respect to time (upper
panel) and plasma concentration (middle panel). The curves in the lower panel represent the
best fitting of the distributive sigmoid E;,x model to the simulated data (symbols) from the
indirect response model. Methylprednisolone iv doses of 1 mg (< - - -). 10 mg (O —). 100
mg(O —), 1000 mg(A ---).

J Pharmacokinet Biopharm. Author manuscript; available in PMC 2014 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dayneka et al.

Page 20

Response

Response

Response

Fig. 7.
Model 4 simulation of the response aRer a single iv bolus dose with respect to time (upper

panel) and plasma concentration (middle panel). The curves in the lower panel represent the
best fitting of the distributive sigmoid Eqnax. model to the simulated data (symbols) from the
indirect response model. Methylprcdnisolone iv doses of 1 mg (< - - -), 10 mg (O —), 100
mg (O —), 1000 mg (A ---).
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Table |

Parameters for the Indirect Response Models

Parameter Model1l Model2 Model 3 Model 4
EC 5o 8.06 8.06
Enmax 4 4

1Cso 8.06 8.06

Kin (unit/hr)  6.10 6.10 6.10 6.10

koue (NFL)  0.24 1.22 1.22 0.24

R, (unit) 25 5 5 25
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Table Il
Characteristics of Indirect Response Models
Dose(mg) Model 1 Model 2 Model 3  Model 4
Trmax (1)
1 5 25 2 4
10 8 5 3 4
100 10 10 4 6
1000 16 16 6 8
Cp(Trmax) (ng/ml)
127 5.6 6.5 3.65
10 114 273 487 365
100 64 64 364.5 204.1
10000  112.3 112.3 20409 11427
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Estimated Parameters of the Effect Compartment Model Fitted to Indirect Response Data

Dose Ko I1Cs/ECsy n  E max
Model 1
Bolus
1mg 0.1636 6.468 1.395
10 mg 0.0776 15.75 2.507
100 mg 0.0388 77.95 4.135
1000 mg 0.0278 548.1 4.049
Simultaneous  0.1468 37.92 0.507
Inrusion
1 mg/6 hr 0.2290 8.410 1.048
10 mg/6 hr 0.1772 15.01 1.203
100 mg/6 hr 0.1100 60.84 1.479
1000 mg/6 hr  0.0669 359.4 1.874
Simultaneous  0.1418 16.40 0.785
Model 2
Bolus
1mg 0.6043 386.2 1.182 504.2
10 mg 0.1785 217.0 1.810 503.4
100 mg 0.0600 145.2 4.247 60.16
1000 mg 0.0268 677.6 8.015 61.92
Simultaneous  0.2954 26.94 2710 17.22
Model 3
Bolus
1mg 0.7653 64.73 0.908 81.98
10 mg 0.3063 33.58 1126  29.87
100 mg 0.1400 88.53 1.988 21.35
1000 mg 0.0882 527.3 2.825 20.04
Simultaneous 06498 7.713 1.063 17.40
Model 4
Bolus
1mg 0.2337 3.082 1.233
10 mg 0.1467 12.03 1.351
100 mg 0.0877 71.07 1.398
1000 mg 0.0558 452.4 1.317
Simultaneous  0.3824 5.585 0.290
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