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Abstract Objective: The steady-state concentrations of
digoxin at trough levels were studied to establish the role
of patient characteristics in estimating doses for digoxin
using routine therapeutic drug monitoring data.
Method: The data (n=448) showing steady state after
repetitive oral administration in 172 hospitalized neo-
nates and infants were analyzed using Nonlinear Mixed
Effect Model (NONMEM), a computer program de-
signed to analyze pharmacokinetics in study populations
by allowing pooling of data. Analysis of the pharma-
cokinetics of digoxin was accomplished using a simple
steady-state pharmacokinetic model. The effects of a
variety of developmental and demographic factors on
the clearance of digoxin were investigated.

Results: Estimates generated using NONMEM indicated
that clearance of digoxin (I'h ') was influenced by the
demographic variables of age, total body weight, serum
creatinine, the coadministration of spironolactone, and
the presence or absence of congestive heart failure. The
interindividual variability in digoxin clearance was
modeled with proportional errors with an estimated
coefficient of variation of 32.1%, and the residual vari-
ability was 28.9%. In the validation set of 66 patients,
the performance (bias, precision) of the final population
model was good (mean prediction error —0.04 ng'ml';
mean absolute prediction error 0.20 ng'ml ).

F. Suematsu (BX) - M. Minemoto

Department of Hospital Pharmacy,

Kyushu Kosei-Nenkin Hospital, 2-1-1 Kishinoura,
Yahatanishi-Ku, Kitakyushu 806-8501, Japan
E-mail: suematsu@ca.mbn.or.jp

Tel.: +81-93-6415111

Fax: +81-93-6415139

E. Yukawa - S. Ohdo - S. Higuchi
Laboratory of Clinical Pharmacokinetics,
Graduate School of Pharmaceutical Sciences,
Kyushu University, 3-1-1 Maidashi,
Higashi-Ku, Fukuoka 812-8582, Japan

M. Yukawa - Y. Goto
Faculty of Pharmaceutical Sciences, Fukuoka University,
Nanakuma, Jonan-Ku, Fukuoka 814-0180, Japan

Key words Digoxin - Neonates - Infants

Introduction

Digoxin is a cardiac glycoside that is widely prescribed
for the treatment of congestive heart failure and atrial
fibrillation. It is a difficult drug to administer because of
the lack of a good relationship between the dose and the
desired effect, the narrow therapeutic range (0.5-
2.0 ngml' in adults), and the variation in the phar-
macokinetic characteristics of the drug [1]. Despite
widespread use of digoxin in neonates and infants with
cardiac disease, there are few studies on its pharmaco-
kinetics for this age group. Gorodischer [2] and Soyka
[3] both recommended that serum digoxin concentra-
tions below 2.0 ng'ml ' can be considered as the “ther-
apeutic (nontoxic) range”, with 2.0-3.0 ng'ml ' as the
“borderline”, and levels greater than 3.0 ng'ml ' as the
“toxic range” in infants.

Previous studies [4, 5, 6] reported that infants require
higher digoxin doses than adult cardiac patients (mg
kg ' body weight basis) to obtain the same serum
concentrations. For a dose given daily, steady-state
serum concentrations of digoxin vary greatly from
patient to patient [7]. Because of this large interpatient
variability, the clinician needs an appropriate dosage
regimen for individual neonates and infants. It may be
more useful to determine the typical pharmacokinetic
behavior of the drug in a population rather than in an
individual pediatric patient. Previously, the population
pharmacokinetics of digoxin were examined using the
computer program NONMEM [8, 9], which was
developed by Beal and Sheiner [10]. However, at that
time only adult patients were targeted. No attempt was
made to improve the ability to predict individual dig-
oxin requirements in neonates and infants. Therefore,
we aimed at estimating the digoxin clearance values of
Japanese neonates and infants, and so collected digoxin
therapeutic drug monitoring (TDM) data and organized
them.
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We examined the population clearance of digoxin
with the computer program NONMEM using the mul-
tiple-trough screen approach [11]. With this approach, it
is possible to estimate the pharmacokinetic parameters
of a population using sparse data collected during rou-
tine clinical care. We can also establish to what degree
neonate and infant characteristics influence the clear-
ance of the drug.

Materials and methods

Data sources

Routine clinical pharmacokinetic data (448 observations) were
retrospectively collected from 172 patients, among them 8 prema-
ture patients (birth before the 37th gestational week) in Kyushu
Kosei-Nenkin Hospital between 1994 and 1997, who were twice
daily administered a powder preparation of digoxin (Digosin,
Chugai Pharmaceutical Co., Ltd., Tokyo Japan), which was diluted
with water. The patients were all hospitalized and under the su-
pervision of medical and nursing staff so that resulting compliance
and administration of treatments were standardized. The clinical
characteristics of patients in this study are given in Table 1.

The data collected were the patient’s age, gestational week,
gender, total body weight, serum creatinine, concomitant medica-
tions, dosage regimen of digoxin, drug administration data, serum
concentration of digoxin with the date and time of each measure-
ment, and signs and symptoms of congestive heart failure. We re-
confirmed, from medical charts, basic information on the patients
and pathologies from blood samples. At least 8 days in neonates
and 2 weeks in infants were allowed for the steady-state condition
to be reached. We analyzed 90% of the serum digoxin concentra-
tion data that were collected in routine drug monitoring. Patients
taking additional drugs (other than spironolactone) known to ex-
hibit interactions with digoxin (e.g. verapamil, quinidine, amioda-
rone, phenytoin) were excluded from the population (10% of those
screened).

All blood samples for assay were drawn by venipuncture before
the morning dose (12 h after the previous dose). Sixty patients had
one trough value, 44 patients had two trough values on separate
occasions, 25 patients had three, 21 patients had four, 9 patients
had five, 2 patients had six, 6 patients had seven, 3 patient had
eight, and 2 patients had nine.

Digoxin concentration measurement reagent CEDIA digoxin
plus (Yamanouchi Pharmaceutical Co., Ltd., Tokyo, Japan) and
those based on a cloned enzyme donor immunoassay were used,
and the measurements were carried out using COBAS-FARA
(Hoffmann-La Roche, Inc., Nutley, N.J.). The minimum detectable

concentration for digoxin was 0.2 ngml™' and the coefficients of
variation of both intra- and interassay precision were less than
10%. The measurements made using this method were free from
the effects of a digoxin-like immunoreactive substance (DLIS) [12].
The cross-reactivity to spironolactone, if 10 pg-ml ™' was added, was
less than 0.02% (based on the manufacturer’s Food and Drug
Administration information).

Pharmacokinetic model

The main purpose of analyzing the pharmacokinetics of digoxin in
a cohort of the patient population was to identify sources of
pharmacokinetic variability among the patients screened. In par-
ticular, the major concern was variability in the relationship
between dose and steady-state digoxin concentrations.

Since all serum concentrations of digoxin were at steady state,
the pharmacokinetics were described using the following simple
pharmacokinetic model:

CSSij: Dij/<CLij . Tij) (1)

where Css;j is the steady-state serum digoxin concentration (ng'ml ™)
measured in the jth patient while he or she received the ith dosage;
Djj is the dosage of digoxin (ugkg" Y for the Css in the ]th patient;
CL; is the ith total body clearance (I'h™") for digoxin in the jth
patient; and tj; is the dosing interval (h) for the ith dosage in the jth
patient. A blOdleldblllty (F) of un1ty is assumed for this model, if
not, CL;; must be regarded as (CL-F~ )ll

In this case, where the sample for assay was taken just before
the morning dose (12 h after the previous dose), the Css measured
is at minimum concentration (C,,;,), causing the estimated relative
clearance of digoxin to overestimate the mean clearance [13].

We have also examined the influence of a variety of factors on
the population mean values for digoxin relative clearance. These
factors included total body weight (kg), age (days), gender, serum
creatinine (mg-dl"), daily digoxin dose (ug'kg '-day '), the coad-
ministration of spironolactone, and the presence or absence of
congestive heart failure.

Statistical model

The interindividual variability in the clearance of digoxin was
modeled with proportional errors according to the following
equation:

CL; = CLij (1 + i1j> (2)

where CLj; is the ith true clearance for the jth individual; CLj; is the
ith clearance predicted for the jth individual with the regression
model and #; is an 1ndependent1y distributed random variable with
a mean of zero and variances wZ, . The residual variability was also

Table 1 Summary of patient

data. Values in parentheses Characteristic Modeling Validation
indicate males. SPT (+) with g o6 tients 172 (96) 66 (35)
coadministration of spironolac- Premature 8 (6) 0
one. CLF () with Congestive - Number of observations 448 (261) 81 (43)
eart failure, Premature birth SPI (+) 378 (216) 67 (32)
before the 37th gestational week CHF (+) 265 (146) 62 (34)
Premature 9 (6) 0
Age (days, mean £ SD) 86.4+79.0 92.1+88.9
Range 8~362 12~362
Total body weight (kg, mean +SD) 3.66+1.31 3.99+1.45
Range 1.49~9.65 2.10~8.21
Dose (pgkg -day”!, mean+ SD) 9.40+1.92 9.69+1.81
Range 3.82~15.72 4.76~13.30
Steady- state concentrations 0.84+0.39 0.85+0.35
(ng'ml !, mean + SD)
Range 0.24~2.10 0.29~1.83




modeled with proportional error according to the following equa-
tion:

Cssjj = Cssij (1 + &) 3)

where Css;; is the ith measured steady-state serum concentration in
the jth patient. Css; is the corresponding predicted steady-state
serum concentration and ¢ is the residual intrapatient variability
term, representing independent, identically distributed statistical

error with a mean of zero and variance o%.

Data analysis

Data analysis was performed using the NONMEM program
(Version IV, level 1.1) on a Hewlett Packard computer (HP Apollo
9000 model 712/60; Palo Alto, Calif.). Minimizing the objective
function provided by each NONMEM fitting routine is equivalent
to maximizing the likelihood of data. Hypothesis testing can be
performed by monitoring changes in the objective function when
one or more parameters in the regression model are first estimated
iteratively and then restricted to a fixed value. The difference in
objective function values obtained by comparing each regression
model is asymptotically distributed as chi-square with a degree of
freedom equal to the difference in the number of parameters
between the two regression models.

The first stage in the model-building phase was initiated with a
minimum number of parameters that were suspected to influence
clearance. Alternate statistical models were tested during this phase
to determine which model would afford the best fit of the data.
Additional parameters were incorporated into the initial regression
model in a stepwise fashion to develop the full regression model.
Any fixed effect that reduced the objective function by more than
3.841 (4%, P<0.05, 1 degree of freedom) was considered to be
significant and added to the model.

After all statistically significant parameters were added to the
full regression model, each parameter was eliminated from the
model one at a time to identify those factors that were contributing
unique information. If the objective function did not increase by
more than 3.841(;%, P< 0.05, 1 degree of freedom), the parameter
was excluded from the final model. The final regression model in-
cluded all parameters that could not be eliminated from the full
regression model during this restriction process.

Results
Individual data treatment

Figure 1 shows the serum concentration of digoxin as a
function of the daily digoxin dose. Serum digoxin con-
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Fig. 1 Serum concentration of digoxin as a function of the daily
digoxin dose
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centrations varied between 0.24 ng'ml™' and 2.10 ng'ml
for oral doses from 3.82 pugkg "“day ' to 15.72 pgkg -
day'. The wide scattering of serum concentrations at
each digoxin dose implies that it is difficult to predict
serum concentrations on the basis of the daily digoxin
dose (ng'kg '"day ') alone (Fig. 1). Our first intention
was to calculate individual digoxin relative clearance
from each digoxin dose and serum concentration pair
using Eq. 1 (not using the Bayesian algorithm in NON-
MEM). Scatter plots of the relative clearance against
patient characteristics such as total body weight and age
are shown in Fig. 2. The scatter plot for the individual
clearance against patient characteristics displayed a wide
scatter of digoxin clearance.

NONMEM estimates

In the preliminary analyses, the modeling of clearance
with total body weight, age, serum creatinine, gender,
congestive heart failure, and spironolactone improved
the estimates for clearance (Table 2). The relationship
between these factors and clearance could be described
using the full version of the following models:

12 T T T
© L N
O 10 .
e 3 ° e ®
SAB_ - * B
5T |
© T
£
x\./
o
e
]
)
%)
c
SA
ST
o T
£ g
xv
o
o
[&)]

180 240 300 360
Age (days)

0 60 120

Fig. 2 Scatter plots of the relative clearance against patient
characteristics
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Table 2 Population mean parameter values and their variances
obtained using NONMEM analysis. OBJ the minimum value of
objective function (-2 log likelihood) in each NONMEM run, LLD
-2 log likelihood difference, CL clearance, TBW total body weight,

Scr serum creatinine, GEN gender, SPI Spironolactone, CHF
congestive heart failure, oz identically distributed statistical error
with a mean of zero and variance

Hypothesis Equation OBJ LLD P value Conclusion

Basic model CL=0, -317.721
0,=1.53
wcr.=40.1% o =38.7%

Did total body weight influence CL? CL =0, - TBW" —563.349  245.628 <0.001 Yes
0,=0.336 6,=1.25
wcL=35.5% og=28.2%

Did age influence CL? CL =0, - AGE” -502.044  184.323 <0.001 Yes
0,=0.378 6,=0.354
wcr.=39.2% og=31.3%

Did serum creatinine influence CL? CL = 0, - Scr” -357.780  40.059 <0.001 Yes
0,=1.04, 6,=-0.287
wcL=40.5% o =36.6%

Did daily dose influence CL? CL = 6, - DOSE® -317.721 0 - No
0,=1.53 0,=1.76x107°
WcL = 40.1% O — 38.7%

Did gender influence CL? CL=0,-0,9EN 322811  5.09 <0.05 Yes
wcL=42.9% og=32.9%

Did spironolactone influence CL? CL=0,-0,5"" -330.142  12.421 <0.001 Yes
0,=1.81 6,=0.821
wcr=39.1% o =38.5%

Did congestive heart failure influence CL? CL=0,-0,°"F -353.001  35.280 <0.001  Yes

0,=1.86 0,=0.743
wer=39.2% op=237.9%

CLy(1-h™") = 0, - TBW{? - AGE{" - Scr*
) H?ENJ ' GSHF‘, ) 0§PIJ (4)
where TBWj; is the ith total body weight of the jth in-
dividual in kilograms; AGEj; is the ith age of the jth
individual in days; Scrj; is the ith serum creatinine of the
jth individual in milligrams deciliter ; GEN; is an in-
dicator variable that has a value of unity if the patient is
female, zero otherwise; CHF; is an indicator variable
that has a value of unity if the patient has congestive
heart failure, zero otherwise; and SPI; is an indicator
variable that has a value of unity if the patient is re-
ceiving spironolactone, zero otherwise. The remaining
0’s represent the fractional increase or decrease in
clearance associated with the patient’s variables.
The results of the hypothesis testing are summarized
in Table 3. Gender and exponential power relationship
of total body weight did not significantly improve the

estimate of clearance. When each factor was eliminated
successively from the full regression model, the final
regression model is presented below:

CL(I-h~" - kg™') = 0.298 - AGE"® . S¢r~ 013
-0.882¢HF . (0.8975P1

The parameter estimates of the final model are
shown in Table 4. Concentration predictions using
both basic and final models are shown in Fig. 3, where
deviation among pairs of predicted and observed
digoxin concentrations was small in the case of the final
model.

Validation

If the mathematical approach to determining digoxin
doses was accurate and practical, the use of calculated

Table 3 Hypothesis tested us-
ing restricted models of the full

model. LLD -2 log likelihood
difference; CL clearance; TBW
total body weight; Scr serum
creatinine; GEN gender; SPI
Spironolactone

Hypothesis Reduced model LLD P value  Conclusion
Did total body weight influence CL? TBW?=0 86.954 <0.001 Yes
Did total body weight influence CL TBW’=1 2.131 >0.5 No
in exponential power relationship?
Did age influence CL? AGE’=0 15.981 <0.001 Yes
Did serum creatinine influence CL? Scr’=0 9.988 <0.005  Yes
Did gender influence CL? 0SEN=9 0.169 >0.5 No
Did spironolactone influence CL? 051 =0 53.409 <0.001  Yes
Did congestive heart failure influence CL? “HF =0 8.819 <0.005  Yes




Table 4 Final

estimates of clearance. 95% CI 95% confidence

interval

Parameter Estimate 95% CI

0, 0.298 0.192, 0.405
0, 0.099 0.031, 0.167
03 —0.153 —-0.276, —0.03
04 0.882 0.772, 0.992
05 0.897 0.782, 1.012
wcL 32.1% 26.9, 36.6%
OE 28.9% 25.6, 31.9%

CL(L-h™'-kg™') =6; - AGE™ - Scx® - o{HF. g5
CHF =0 for without congestive heart failure

CHF =1 for with congestive heart failure

SPI=0 for without coadministration of spironolactone
SPI=1 for with coadministration of spironolactone

doses could reduce the potential for toxicity and
decrease the need for repetitious digoxin assays. In the
validation group of 66 patients, predictions of the dig-
oxin serum concentrations were made with the final re-
gression model using the dosing history and
demographic characteristics. The demographic and bi-
ological data concerning patients included in the vali-
dation group were not statistically different from those
included in the population group (Mann-Whitney U-
test). The predictive performance of the final regression
model was evaluated using the mean prediction error
(ME) and mean absolute prediction error (MAE) ac-
cording to methods outlined by Sheiner and Beal [14].
The ME for predicted concentration was —0.04 ng'ml '
(95% confidence interval —0.09, 0.02). The MAE for
predicted concentration was 0.20 ngml' (95% confi-
dence interval 0.17, 0.24). The concentrations predicted
using the final model are plotted versus the observed
concentrations in Fig. 4.

Discussion

Interindividual variability in drug disposition and re-
sponse is commonly observed in therapeutics, and thus
evaluation and management of such variability form the
basis for individualized pharmacotherapy. The large
degree of variability observed in the pharmacokinetics of

Fig. 3 Concentration predic-
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Fig. 4 Concentrations predicted using the final model plotted
versus observed concentrations

digoxin makes it difficult to predict a priori the optimal
dosing regimen for an individual patient. It would be
useful to understand the effect of a variety of develop-
mental and demographic factors on pharmacokinetic
parameters and the observed patient variables on the
disposition of digoxin.

The final regression model for clearance suggests that
the clearance increases nonlinearly with increasing age.
The relative clearance values increased by up to 28%
with varying patient age from 30 days to 360 days.

The clearance of digoxin decreased 10.3% with ad-
ministration of spironolactone in infants (P <0.001), an
effect that is comparable with that of the decreased
digoxin renal clearance previously demonstrated, 10%,
24%, 18%, 13%, and 12.2% respectively [9, 15, 16, 17,
18]. This effect of spironolactone may reflect a decrease
in digoxin renal clearance caused by inhibition of the
digoxin-transporting role of P-glycoprotein [19], because
spironolactone does not affect the determination of
digoxin using the CEDIA digoxin plus kit.

Several studies reported that congestive heart failure
was an important factor in estimating clearance of
digoxin [20, 21]. Sheiner et al. [20] reported that the
digoxin clearance was significantly lower in patients with
congestive heart failure than in those without conges-
tive heart failure [clearance (1 - h_l) = 0.06- creatinine
clearance(ml - min*1)+ 0.05 - body weight (kg) for those

tions using both basic and final
models
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without congestive heart failure; clearance(l-h™') =
0.053 - creatinine clearance(ml - minfl) +0.02 - body
weight (kg) for those with congestive heart failure].
Naafs et al. [21] found that the clearance of digoxin was
significantly lower in patients with congestive heart
failure than in patients with atrial fibrillation (2.88 I'h"
versus 4.26 I'h™"), and Yukawa et al. [9] reported that the
clearance of digoxin decreased about 19% with con-
gestive heart failure using NONMEM analysis in adults.
In the present study, the digoxin clearance was also
decreased 11.8% with congestive heart failure in infants
(P<0.005).

The interindividual variability of clearance was de-
termined to be 32.1%, as a coefficient of variation, which
increased to 40.1% if the patient’s characteristics were
not incorporated into the regression model. The residual
variability was determined to be 28.9%, which increased
to 38.7% if the patient’s characteristics were not incor-
porated. This large residual variability may result from
measurement errors, pharmacokinetic model misspecifi-
cation, and changes in an individual’s pharmacokinetics
with time. Furthermore, the digoxin measurements made
via CEDIA digoxin plus are free from the influence of
DLIS, but it may be that the influence of DLIS [22, 23]
cannot be absolutely guaranteed.

In the validation set of 66 patients, the performance
(bias, precision) of the final population model was good.
Clinical application of the findings in the present study
to patient care may permit selection of an appropriate
initial maintenance dose, thus enabling the clinician to
achieve a desired therapeutic effect. Thus, an a priori
method of predicting the minimum Css of digoxin based
on clearance values obtained using NONMEM analysis
has been developed to assist in the determination of
rational dosage regimens and to avoid multiple blood
level determinations as follows:

C" = Dose (ug kg ' -day ')/ [0.298 -AGE""”
-Ser0153.0.882CHF. 0.8975P1 . 24 (1~kg_l -day—‘)] (5)
However, the digoxin dosage regimen should be set

based on appraisal of the individual patient’s clinical
need for the drug.
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