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Purpose. The purpose of this study was to construct a mechanistic
pharmacokinetic/pharmacodynamic (PK/PD) model for digoxin that
describes the relationship between plasma concentration and inotro-
pic response.
Methods. On the basis of results obtained in the isolated perfused rat
heart, a PK/PD model for digoxin in humans was developed. In fitting
the model to previously published bolus dose and concentration
clamp data (shortening of electromechanical systole), the plasma con-
centration–time curves were used as forcing functions in the com-
puter program ADAPT II.
Results. The mechanistic approach allowed a modeling of digoxin
pharmacodynamics which is consistent with available inotropic re-
sponse data. The estimates of the receptor binding parameters were
in the same order of magnitude as those measured in vitro for oua-
bain. The mechanistic model explained the parameters of the empiri-
cal link model (EC50, Emax and delay time �) in terms of the under-
lying processes, suggesting that the long equilibration half-time of 13
h is due to slow receptor binding. The empirical link model, in con-
trast, is not compatible with a noninstantaneous receptor binding
process and led to estimates of the delay time � that were dependent
on the digoxin administration schedule.
Conclusions. The new, mechanistic model may provide a rationale
for better understanding of digoxin pharmacodynamics and could
become a tool to bridge the gap between in vitro and in vivo studies.

KEY WORDS: digoxin; humans; model; pharmacodynamics; phar-
macokinetics.

INTRODUCTION

Although cardiac glycosides have been used for more
than 200 years, they are still a mainstay in the treatment of
congestive heart failure (1,2). Thus, digoxin remains one of
the most commonly prescribed of all cardiac medications. It is
now well-accepted that the positive inotropic effects of di-
goxin and related cardiac glycosides on cardiac muscle are
mediated through inhibition of Na+/K+-ATPase (sodium
pump) by binding to a specific extracytoplasmic site of the
�-subunit of this enzyme. Via the sodium gradient-coupled
Na+/Ca2+ exchanger, this increases intracellular Ca2+ avail-
ability for contractile proteins. This positive inotropic effect is

the basis of the therapeutic use of cardiac glycosides in the
management of congestive heart failure.

In pioneering work, Gold et al. (3) first studied the effect
kinetics of digoxin in humans. Pharmacokinetic/pharmaco-
dynamic (PK/PD) models were developed much later by Kra-
mer et al. (4) and Kelman and Whiting (5) who linked the
time course of positive inotropic effect to digoxin amount in
peripheral or effect compartment(s), respectively. These em-
pirical link models do not explain the role of cardiac uptake
and receptor binding kinetics in determining the long equi-
libration delay between drug concentration and inotropic
effect.

However, despite significant need for a better under-
standing the pharmacodynamics of digoxin in humans in view
of the very narrow therapeutic range, a mechanistic PK/PD
model for digoxin in humans is still lacking.

Based on experiments in the isolated perfused rat heart,
we have recently developed a mechanistic PK/PD approach
for digoxin that explicitly models transport to the receptors
(sodium pumps) and the dynamics of drug–receptor interac-
tion linking the observed inotropic effect to receptor occupa-
tion (6). However, the limited information that can be ob-
tained from in vivo experiments in humans would not allow
the identification of such a more detailed model. One way to
overcome this problem is complexity reduction; that is, the
investigation of relevant subsystems and incorporation of the
results in the model applied in vivo (7). As the organs repre-
sent the natural subsystems of the body, experiments in iso-
lated perfused organs offer an efficient way to develop more
detailed PK/PD models that provide insight into underlying
processes and can ultimately be scaled-up from the animal
organ to the whole body level in humans. In applying this
mechanistic approach to data obtained in healthy volunteers
(4,8), the results offer an explanation for 1. the long temporal
delay between plasma concentrations and effect, which char-
acterizes the pharmacodynamics of digoxin in the transient
state, and 2. the inconsistencies in parameter estimates ob-
tained with the link model for different experimental designs.

METHODS

Data

We analyzed data from two PK/PD studies with different
experimental designs. One is the classical PK/PD study of
digoxin where plasma concentration–time data and the short-
ening of the electromechanical systole corrected for heart rate
(�QS2c) were measured after administration of a 1.0 mg i.v.
bolus injection in 12 healthy male volunteers (4); 23 serum
digoxin samples and 15 �QS2c measurements were obtained
over a 4-day period. Furthermore, we analyzed the �QS2c-
response observed in a “concentration-clamp” (i.e., step-
response) experiment where an approximate plateau value of
∼4.2 ng/ml digoxin was established over 4 h (8). In order to
generate this plateau concentration in less than 15 min, di-
goxin was administered by controlled infusion in six healthy
male volunteers: a bolus injection of 100 �g (to fill the central
compartment) was followed by a constant rate plus a biexpo-
nentially decreasing rate infusion (to compensate elimination
and distribution, respectively). The underlying PK param-
eters of digoxin were taken from the PK study of Kramer

1 Section of Pharmacokinetics, Department of Pharmacology, Martin
Luther University Halle-Wittenberg, Halle (Saale), Germany.

2 Present address: Pharmacogenomics Research Center, College of
Medicine, Inje University, 633-165, Gaegum-Dong, Jin-Gu, Busan,
South Korea.

3 To whom correspondence should be addressed. (e-mail:
michael.weiss@medizin.uni-halle.de)

Pharmaceutical Research, Vol. 21, No. 2, February 2004 (© 2004) Research Paper

231 0724-8741/04/0200-0231/0 © 2004 Plenum Publishing Corporation



et al. (4). The concentration–time (8 samples) and step re-
sponse–time curve (16 measurements) was observed over a
4-h period. The response data sets (average values) obtained
with these differently designed experiments were fitted simul-
taneously to improve parameter estimation as both experi-
ments provide information on the system response at differ-
ent time scales (4 h and 4 days, respectively).

Mechanistic Receptor-Binding Model

Whereas in the rat heart consecutive inhibition of first
�2- and then �1-isoform of the Na+/K+-ATPase (high affinity/
low capacity and a low affinity/high capacity binding sites,
respectively) mediates the positive inotropic effect of digoxin
with increasing dose (6,9), the isoforms expressed in the hu-
man heart have a similar affinity, and binding kinetics can be
approximated by a single-site model (10,11). Accordingly, our
model developed for the rat heart (6) could be simplified to a
one-receptor model shown in Fig. 1, where QD is the func-
tional coronary flow and C(t) the plasma digoxin concentra-
tion; the subscripts vas and is denote vascular and interstitial
compartment, respectively. The corresponding differential
equations are

dDvas�t��dt = −�QD�Vvas + kvi� Dvas�t� + kiv Dis�t� + QD C�t� (1)

dDis�t��dt = kvi Dvas�t� − �kiv + kon �Rtot − DR�t���Dis�t�
+ Koff DR�t� (2)

dDR�t��dt = kon �Rtot − DR�t�� Dis�t� − koffDR�t� (3)

The volume of the vascular compartment, Vvas � 0.06
ml/g (12), coronary blood flow, 70 ml/min per 100 g (13), and
heart weight, 300 g, are taken from anatomic data. The func-
tional flow for digoxin transport into the heart is calculated
from plasma flow (45 ml/min per 100g) and the unbound
fraction of digoxin in plasma (75%) as QD ∼100 ml/min. The
rate constants kvi and kiv describing passive transport across
the capillary wall are fixed to the values estimated in the rat
heart (kvi � 41.2 min−1, kiv � 8.91 min−1) (6) assuming that
the increase in the apparent permeability surface-area or per-
meation clearance, CLvi = kviVvas, is mainly due to the higher
vascular volume. The binding probability of digoxin in the
interstitial space, Dis, to the saturable binding site R is depen-

dent on the association rate constants kon (in units of
1·min−1·nmol−1) and the amount of free membrane receptors,
which is equal to R � [Rtot – DR(t)]; where Rtot is the un-
known amount of available receptor sites, and DR denotes
the receptor–digoxin complexes (i.e., amount of bound di-
goxin). This leads to a time-dependent factor Kon(t) � kon

[Rtot – DR(t)]. The rate constant for the dissociation of the
bound ligand was denoted by koff (in units of 1/min); KD �
koff /kon and KA =1/KD represent the equilibrium dissociation
and affinity constants, respectively. Note that the above dis-
tribution model also accounts for instantaneous nonspecific
binding of digoxin.

The effect, i.e., inotropic response E(t), was linked to the
number of receptors occupied by drug (DR),

E�t� = e DR�t� (4)

where the parameter e is the effect per unit of digoxin–
receptor complex analogous to “efficacy” parameter in recep-
tor theory (14). Thus, the model contains four free param-
eters; namely, kon, koff, Rtot, and e. The effect E(t) is the
observed shortening of the electromechanical systole, �QS2c;
that is, E(t) � �QS2c − �QS2c0 where QS2c0 denotes the
placebo effect (baseline response).

At steady state, the changes in compartmental digoxin
amounts vanish [dDvas(t)/dt = dDis (t)/dt = dDR(t)/dt = 0 in
Eqs. (1)–(3)], and the solution of the equations together with
Eq. (1) can be used to predict the concentration–response
curve,

Ess =
e RtotCss

KD�kiv�CLvi� + Css
(5)

Thus, a hyperbolic Emax model [Ess � EmaxCss /(EC50 +
Css)] is obtained with parameters

Emax = e Rtot (6)

EC50 =
KDkiv

kviVvas
(7)

Note that the EC50 increases proportionally as KD or the
equilibrium partitioning ratio kvi/kiv increase.

Notably, for the concentration-clamp experiment, where
following the concentration step at t � 0 the plateau C(t) �
C(0) � C0 is maintained during the time course of the ex-
periment, the effect time course can be described by an ex-
plicit function when transcapillary exchange is not rate-
limiting [solution of Eqs. (2) and (3) and substitution of Eq.
(4)],

Estep(t� = Ess�1 − exp�−t��step�� (8)

where Ess is given by Eq. (5) and

�step =
1

konDis,0 + koff
(9)

Note that Dis,0 is obtained from from Eq. (1) for dDvas(t)/dt �
0,

Dis,0 = �kvi�kiv�VvasC0 for t � 0 (10)

This approximation [Eq. (8)] is valid for �step � 1/kvi.
Interestingly, the time constant characterizing the step re-
sponse is dose-dependent (i.e., dependent on the concentra-
tion plateau). Furthermore, �step approaches 1/koff for de-
creasing serum concentrations (Dis,0 → 0).

Fig. 1. Mechanistic model of digoxin pharmacodynamics. The heart
model includes a vascular, interstitial, and receptor-binding compart-
ment. First-order rate constants of transcapillary transport are de-
noted by kvi and kiv. Kon(t) is the fractional rate for saturable receptor
binding, while kon and koff are the association and dissociation con-
stants, respectively. The curve describing digoxin plasma concentra-
tion, C(t), provides the digoxin input rate QDC(t), where QD denotes
the functional coronary blood flow. The effect is proportional to
receptor occupation with scaling factor e.
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Empirical Link Model

The results obtained with the mechanistic model will be
compared with the predictions of the empirical link model. In
this traditional PK/PD model (15,16), a hypothetical biophase
concentration CB(t) is generated from the plasma concentra-
tion C(t) using a first-order delay with time constant �, CB(t)
� C(t)*e−t/�, where * denotes convolution. This operation can
be simply accomplished by solving the differential equation

dCB

dt
=

1
�

�C�t� − CB�t�� (11)

Assuming instantaneous receptor binding, the time
course of inotropic effect E(t) is then linked to the biophase
concentration CB(t) using the hyperbolic Emax model:

E�t� =
EmaxCB�t�

ECB,50 + CB�t�
(12)

Emax is the maximum induced response, and EC50 is the
concentration producing 50% of Emax.

It follows from Eq. (11) that in a concentration-clamp
experiment, the resulting step response of biophase concen-
tration is given by CB(t) � C0 (1 − e−t/�), and Eq. (12) can be
written explicitly

Estep�t� =
EmaxC0�1 − e−t���

ECB,50 + C0�1 − e−t���
(13)

It is obvious that the step response predicted by the
empirical model [Eq. (13)] is not compatible with that of the
mechanistic model [Eq. (8)]. Only under the assumption of a
linear E-CB model (i.e., for C0 � EC50) we obtain an expo-
nential function:

Estep�t� ≈ �Emax�ECB,50�C0�1 − e−t��� (14)

Data Analysis

For the receptor binding model, Eqs. (1)–(3) were solved
and Eq. (4) was fitted to the pharmacodynamic data. Thereby,
the respective C(t)-curves were incorporated as forcing func-
tions: The bolus dose disposition C(t)-data of Kramer et al. (4)
were refitted by a tri-exponential function leading to C(t) �
57.3e−0.164t + 9.99e−0.011t + 0.74e−0.00024t (C in ng/ml, t in
units of min) whereas the concentration-clamp C(t)-data of
Weiss et al. (8) were used directly [plateau value of C(t) ∼4.2
ng/ml for 0 < t < 4 h). For each model, the mean �QS2c data
of both experiments were fitted simultaneously using the
ADAPT II-software package (17). Maximum likelihood esti-
mation was performed assuming that the measurement error
has a standard deviation which is a linear function of the
measured quantity. Such simultaneous analysis of two or
more experimental data sets obtained for different dosing
schedules improves the ability to resolve unique estimates of
parameters. The Akaike information criterion (AIC) was
used to compare the acceptability of models (17). The step
response data (8) were also separately fitted by Eq. (8) in
order to test the validity of the mechanistic model and to
estimate the parameter �step. Finally, both experimental data
sets and �QS2c data simulated with the mechanistic model
were fitted using the link model [Eq. (12) after solving the
differential Eq. (11) numerically] in order to explain the role
of the rate constants of the mechanistic model in determining

concentration–effect hysteresis (delay time constant �) in the
link model.

RESULTS

Figures 2A and 2B show the average �QS2c(t)-data of
the bolus injection and concentration-clamp experiment, re-
spectively, together with the lines obtained by a simultaneous
fit obtained with the mechanistic model. The model provided
a good fit to both data sets, with parameter estimates kon �
0.26 10−4 min−1·ng−1, koff � 0.56 10−3 min−1, Rtot � 134.7 ng,
and e � 0.23 ms/ng. However, the low parameter sensitivity
for Rtot and the extremely large values of the approximate
coefficients of variation indicated that a reliable estimation of
Rtot was not possible with these data. Thus, based on the
Na+/K+-ATPase concentration of ∼700 pmol/g wet weight
measured in normal human left ventricular myocardium (18),
Rtot was fixed to the corresponding value of 162 ng. Very
similar parameter estimates kon � 0.22 10−4 min−1·ng−1, koff

� 0.49 10−3 min−1, and e � 0.19 ms/ng were then obtained
with approximate coefficients of variation of 12.1%, 12.3%,
and 5.4%, respectively. Thus, an equilibrium dissociation con-
stant of KD � 22.3 ng is obtained for digoxin receptor bind-

Fig. 2. Simultaneous fit of the mechanistic model to average inotropic
response data of digoxin obtained after bolus dose (A) and concen-
tration-clamp (B) experiments. The dotted lines indicate the under-
lying concentration–time curves. The plasma concentration (�) and
response (�) data in panels A and B were taken from work of Kra-
mer et al. (4) and Weiss et al. (8), respectively.
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ing. This implies that the steady-state concentration–response
[Eq. (5)] curve is characterized by parameters EC50 � 0.27
ng/ml and Emax � 30.9 ms. As expected, the step response
function [Eq. (8)] described the average �QS2c(t)-data of the
concentration-clamp experiment reasonably well (Fig. 3). The
time constant �step � 1.3 h estimated directly by fitting Eq. (8)
to the step response data is in the same order of magnitude as
the value of 2.1 h predicted by Eq. (9) after substituting the
above estimates of kon and koff as well as Dis,0 [Eq. (10)].

As expected from the previous applications (4,5,15), the
empirical link model fitted the bolus dose data equally well
(fit not shown). For the EC50 (i.e., the concentration required
to achieve 50% of the maximum decrease in the electrome-
chanical systole, �QS2c), a value of EC50 � 0.41 ng/ml was
estimated. The corresponding maximum value was Emax �
34.8 ms. The time constant underlying the first-order delay of
� � 18.7 h corresponds to an equilibration half-life of 13 h.
The parameter estimates were substituted into Eqs. (5) and
(12) to predict the steady-state concentration–effect relation-
ships for both models (Fig. 4).

In contrast to the reasonable parameter estimates ob-
tained in fitting the bolus dose data, however, its application
to the step response data (fit not shown) led to unrealistic
high Emax and EC50 estimates [indicating a collapse of Eq.
(13) to a linear relationship Eq. (14)] and 10-fold lower �
value of 1.5 h (similar to the estimate, �step � 1.3 h, men-
tioned above).

DISCUSSION

A novel mechanistic approach based on drug-receptor
binding kinetics is used to analyze the inotropic response data
of digoxin following two different administration schedules.
The results are compared with those obtained with the em-
pirical link model. The data came from a bolus dose (4) and
a concentration-clamp (8) experiment, respectively, in
healthy male volunteers. Our mechanism-based PK/PD
model offers for the first time a quantitative explanation of
the long temporal delay between plasma concentrations of
digoxin and the inotropic effect following a bolus dose as
estimated with the link model (equilibration half-time of 13

h). Modeling suggests that the observed hysteresis is due to
slow receptor binding and not caused by transport to the site
of action (i.e., the contributions of convective transport and
transcapillary exchange are negligible in this case). This is
illustrated in Fig. 5, where the change in the delay time � with
1/kon or 1/kvi, respectively, is depicted. (� was estimated with
the link model using data simulated for various kon or kvi

values with the mechanistic model, keeping KD and kvi/kiv

constant.) This is in accordance with the observation that the
acute myocardial uptake of digoxin in humans is much faster
than the onset of the inotropic effect (19). Although it is
generally accepted that receptor association and dissociation
processes of cardiac glycosides are slow, in vitro results from
human hearts are only available for ouabain where in the
presence of K+, koff and kon values of about 4 10−3 min−1 and
0.3 10−4 min−1 nM−1 (KD � 125 nM) have been observed
(20); our estimates are in the same order of magnitude. [Note
that in digitalis-insensitve species, like the rat, binding pro-
cesses are much faster (6).] Based on our parameter estimates
in healthy volunteers, the therapeutic concentration range of
0.5 to 1.5 ng/ml digoxin (1) produces an effect between 65 and
85% of the maximum inotropic effect [Eq. (5)]. Note that the

Fig. 3. Fit of the function DEss[1 − exp(−t/�step)] [Eq. (11)] to time
course of inotropic response obtained after the concentration-clamp
experiment (8).

Fig. 4. Steady-state concentration–effect curves of digoxin in healthy
volunteers predicted with the mechanistic (——) and empirical link
models (– – –) with EC50 values of 0.27 and 0.41 ng/ml, respectively.

Fig. 5. Delay time constant � estimated with the link model from data
simulated using the mechanistic model when kon (——) or kvi (– – –)
was varied, respectively, from one-third to 10-fold of the normal
value, keeping KD (or kvi/ kiv) constant.
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meaning of parameter Rtot remains unclear in the current
context because the term “receptor” as used here is mainly
based on the ability of the model to predict the time course of
the inotropic effect. Furthermore, because digoxin acts via
inhibition of Na+/K+-ATPase, a downregulation of sodium
pump expression in the failing heart increases the sensitivity
to inotropic stimulation (2). This has to be considered in dis-
cussing the role of the parameter Rmax defined in our model.
It is important to note that we have also tested a model with
linear receptor-binding which, however, gave a worse fit
(�AIC � 45).

It should be emphasized that due to the use of average
data and the mismatch between model complexity and the
limited information content of the data, the current approach
resembles the methodology of “forward modeling” (21,22);
that is, the construction of a model that provides quantitative
insight into the underlying mechanisms rather than an exact
evaluation of all parameters was the principal goal of our
approach. Initially, four preassigned parameters had to be
incorporated using physiological/anatomical parameters (QD,
Vvas) and estimates obtained in the rat heart (kvi, kiv) to en-
sure that the number of adjustable parameters, kon, koff, Rtot,
and e, could be kept to a minimum. The additional assump-
tion of a Rtot-value led to small changes in the parameters kon,
koff, and e and provided the approximate coefficients of varia-
tion of these estimates. Regardless of the limitation, the cur-
rent approach should be still meaningful because we could
demonstrate that the mechanistic model, in contrast to the
link model, is in accordance with available data: it captured
the response observed in humans for two different adminis-
tration schedules, and the steady-state predictions of the
model were in agreement with the therapeutic concentration
range of digoxin. Especially the model’s capability to predict
the time course of step response (i.e., the observed time con-
stant �step) in terms of the intrinsic model parameters kon and
koff [Eq. (9)] is encouraging. Alternative models, including
those with a time-dependent effectuation process (see Ref. 23
for a recent review), have been tested but did not improve the
fit. Note that the observed nonlinearity [i.e., dose dependency
of �step, Eq. (9)] excludes the possibility that time lags in
post-receptor events could account for the delayed effect de-
velopment.

The results obtained with the empirical link model shed
some new light on the limitations of this conventional PK/PD
modeling approach. Due to the dependence of parameter es-
timates from the experimental design (administration sched-
ule), no unique set of model parameters could be estimated.
The empirical model described the bolus dose data equally
well, with an equilibration half-time of 13 h, which is in agree-
ment with the value of 14 h estimated by Holford and Sheiner
(15) in reanalyzing the data of Kramer et al. (4), but differs
from the value of 4 h obtained by Kelman and Whiting (5)
based on experiments with a shorter observation period (sam-
pling up to 12 h). However, the parameter estimates obtained
by fitting the step-response data were unrealistic. This can be
explained by the inconsistency between the observed expo-
nential function (Fig. 3) and prediction of the link model [Eq.
(13)]. Note that the assumption of a linear E-CB relationship
[Eq. (14)] does not solve this problem because, as shown
above, the resulting estimate �step � 1.3 h is then 10-fold
lower than that of 18.7 h obtained in fitting the bolus dose
data. Thus, the estimate of � � 18.7 h only empirically de-

scribes the hysteresis observed for a specific digoxin disposi-
tion curve. This dose dependency of the apparent equilibra-
tion time, �, is not surprising in view of the fact that a linear
transformation [Eq. (11)] has been used to describe the non-
linear transient process of saturable receptor binding. Note
that an input rate dependence of PD parameter estimates has
been observed for several other drugs (24). While a linear
CB(t) - E(t) relationship has been previously used to analyze
the effect time course of digoxin with the link model (5,15),
our results are in favor of the Emax model, not only because
of the lower AIC-value, but also because of its correspon-
dence to the receptor-binding model. Note that the delay time
constant of 23 min reported by Forester et al. (25) simply
reflects effect onset within 1 h after bolus dose of 1.6 mg
digoxin. Interpreted as a �step-value, it would correspond to a
step response caused by a functional average serum concen-
tration of C0 ∼17 ng/ml [Eq. (12)].

It is of practical importance, however, that the concep-
tual shortcomings of the empirical link model [and of the
“deep compartment” approach used in the pioneering work
of Kramer et al. (4)] do not diminish the usefulness of these
models for simulation purposes. Thus, the role of delayed
response in determining the digoxin effect has already been
explained for various modes of administration [e.g., schedule,
rate and route (26,27)]. It is shown in Fig. 6 that the prediction
provided by the empirical model for the response to multiple
oral dosing is quite similar to that of the mechanistic model.

As already pointed out in the introduction, we call the
link model “empirical” because both its usefulness and ex-
planatory power are limited. The meaning of the intermediate
“biophase concentration” CB(t) in Eq. (2) remains obscure in
the case of slow receptor binding: it is obviously not the di-
goxin concentration in the vicinity of receptors (i.e., the site at
which the drug exerts its action) as the slow receptor binding
is the main determinant of �. Due to the potential effect of
model misspecification, the empirical model may lead to bi-
ased estimates of Emax and EC50 when applied to non-steady-
state data. It appears, however, that the assumption of rapid
receptor binding may be valid for most drugs; up to now there
is only one other example where receptor binding is the rate-

Fig. 6. Inotropic response to multiple dosing of digoxin (0.25 mg/day)
simulated with the mechanistic (——) and empirical (– – –) model,
respectively, assuming a three-exponential disposition function (4)
and first-order absorption (ka � 0.6 h−1).
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limiting process, namely, the binding of calcium antagonists to
ion channels (28).

This analysis resolves a long-standing question. Thus, At-
kinson (29) in discussing the elegant work of Gold et al. (3),
stated, “I suspect, but have no proof, that the process of di-
goxin distribution from plasma to its myocardial site of action
is responsible for this clinically important delay.” While this
may be true for most drugs, it does not hold for digoxin where
slow binding accounts for the delay.

With advancements in molecular biology, more detailed
information on the mechanism of digoxin action becomes
available. We suggest that mechanistic PK/PD models are
valuable tools to bridge the gap between studies at the mo-
lecular level and the functioning of organ systems in vivo.
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