British Heart Journal 1975, 37, 203-208.

Maximal intestinal absorption of digoxin, and its
relation to steady state plasma concentration

Brian F. Johnson and Carole Bye

From the Clinical Research Division, Wellcome Research Laboratories, Langley Court, Beckenham, Kent

In a group of 8 volunteers, peak plasma digoxin concentrations and areas under 80-hour plasma concentration
curves were significantly greater after 1 mg digoxin in paediatric elixir than after four 0-25 mg tablets. Mean
cumulative urinary excretion of digoxin over 12 days was 464 per cent after tablets, 53-6 per cent after
elixir, and 70-8 per cent after intravenous injection. Mean percentage absorption was estimated to be 63 per
cent from tablets and 75 per cent from elixir, but considerable between-subject variation was noted. Individual
estimates of percentage absorption were significantly correlated with plasma concentrations in the steady state.
Computer programmes to relate steady state plasma concentration to oral digoxin dosage take no account of
subjective absorptive capacity, are limited to gross approximations, and cannot replace determination of plasma

concentration to assess the degree of digitalization.

Study of the human pharmacokinetics of digoxin
was limited for many years by the absence of reason-
able techniques of measurement. However, using
slowing of the ventricular rate in patients with atrial
fibrillation as a measure of efficacy, it was suggested
that about 50 per cent of ingested digoxin was
absorbed (Gold er al., 1953). Subsequent studies
with tritiated digoxin (Doherty, Perkins, and
Mitchell, 1961) or with unlabelled drug measured
by radioimmunoassay (Huffman and Azarnoff,
1972) have suggested that digoxin is better absorbed
than previously supposed, and that recommended
doses should be reduced.

However, some studies have utilized tablets and
others alcoholic solution. Further, it is now known
that there is great variability in the absorption of
digoxin from different brands of tablets (Linden-
baum ez al., 1971) and that this variability is related
to the rate of dissolution of digoxin in tablets
(Lindenbaum et al., 1973; Johnson er al., 1973).
Before it can be transported across the intestine,
digoxin must dissolve in intestinal fluids, and the
technique of determining rate of tablet dissolution
in water simulates this process. Therefore experi-
ments were undertaken to compare the maximal
percentage absorption from digoxin elixir and
tablets of rapid dissolution rate.

Materials and methods

Treatments

The tablets administered were standard o025 mg
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‘lanoxin’ (digoxin) tablets of batch 1484X, with a
dissolution rate of 79 per cent in 15§ minutes and 98 per
cent in 60 minutes in a previously described dissolution
apparatus (Johnson et al., 1973).

Digoxin elixir was the standard paediatric ‘lanoxin’
elixir, containing 0-0§ mg digoxin/ml in 10 per cent
alcohol, § per cent propylene glycol, and 30 per cent
sucrose solution. The injection fluid was the standard
intravenous ‘lanoxin’ preparation of 0-25 mg digoxin/ml
in 10 per cent alcohol and 40 per cent propylene glycol
solution. 3 ml was diluted by 17 ml normal saline immed-
iately before intravenous injection over a period of 3
minutes.

Procedure

A group of 8 healthy volunteers aged 23 to 44 years and
weighing 50-8 to 83 kg underwent study on five separate
occasions, each separated by at least two weeks. All had
normal creatinine clearance. Single dose treatments were
administered in random sequence, and consisted of 6
standard tablets (1-5 mg), 4 standard tablets (1-0 mg),
0-75 mg intravenous injection fluid, and 1-0 mg elixir,
each being administered after an overnight fast. Blood was
obtained at 30-minute intervals for 3 hours, then 2-hour
intervals for a further 6 hours, and at 12, 24, 28, 32, 48,
52, 56, 72, 76, and 80 hours after administration. All
urine produced was collected for 12 days after each
treatment, other than after the larger dose of standard
tablets when collection was concluded after § days.
During the first 24 hours, urine was divided into three
consecutive 4-hour, and one 12-hour period.

The fifth treatment schedule consisted of one 0-25 mg
standard tablet at 9.0 a.m. and 9.0 p.m. each day for 14
days and at 9.0 a.m. on the 15th day, i.e. 2 tablets daily
for 14 days + 1 on the 15th day. Blood was obtained at 8.50
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a.m. on days 11 and 15, and after the last tablet blood was
collected for a complete blood profile as in the acute
studies. Urine was collected during one dosage interval
of 12 hours on day 11. After the last tablet at 9.0 a.m. on
day 15, urine collection continued for 5 days.

Digoxin assay and statistical evaluation
Plasma was quickly separated from blood samples and
stored at 4°C. Aliquots of urine were obtained and simi-
larly stored as soon as available. Digoxin was deter-
mined in all samples in triplicate by radioimmunoassay
(Lader ez al., 1972) using an iodinated tyrosine deriva-
tive of digoxin as the tracer. Standards and reference
human plasma or urine were included in each assay run.
From repeated assay of reference samples and plasma
samples to which known amounts of digoxin have been
added, a coefficient of variation of approximately 6 per
cent was calculated.

Statistical significance of differences was assessed by
parametric analysis of variance.

Results

As shown in Fig. 1, mean peak plasma concentra-
tion was significantly greater (P <o0-01) after elixir
than after 4 standard tablets (1 mg), respective
values being 7-0 and 3-2 ng/ml. The mean peak level
after 1-0 mg elixir was not significantly different
from that after 6 tablets (1'5 mg), which was
6-0 ng/ml. For each oral treatment, mean peak levels
occurred one hour after administration.

After the first 5 hours, differences between
plasma concentrations after elixir and after 4
tablets were minor. After ingestion of a drug, the
shape of the plasma concentration curve is specific
both for the drug and the individual. However,
for that individual, both the height and duration of
measurable plasma concentrations are dependent
upon the quantity of drug absorbed. Rapidly
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absorbed drugs will tend to produce high peak
concentrations, whereas sustained absorption will
prolong the period for which the drug can be meas-
ured in plasma. Determination of the area under a
plasma concentration curve incorporates both height
and duration, and is therefore an estimate of overall
absorption.

Comparison of infinite areas under concentration
curves is a reliable method of assessing the efficiency
of absorption, if rate of drug elimination remains
constant. In this study plasma concentrations were
close to zero at 80 hours, so the area under the
plasma curve up to 8o hours is a good estimate of
the area at infinite time. For each subject-occasion,
the area under the entire plasma concentration
curve was mathematically determined by the trap-
ezium method, and group mean values derived for
each treatment. With the trapezium method, the
total area is divided into a series of trapezia in which
one side is the time between adjacent plasma
sampling points, and the parallel sides are the plasma
concentrations at these points. A close approxima-
tion of the total area is obtained by summing the
areas calculated for each trapezium. Significant
differences (P <0-05) between areas under plasma
concentration curves were noted over the 80 hours
after each ingested treatment, respective mean
values for 4 tablets, elixir, and 6 tablets being
472, 633, and 83-3 (ng/ml) x hr.

As seen in Fig. 2 and 3, the plasma concentration
curve from § hours after intravenous injection of
0-75 mg digoxin was identical to that after elixir,
and intermediate between those of the two doses of
tablets. Percentage absorption of digoxin was calcu-
lated by expressing each individual area under
curve measurement after oral administration as a
proportion of that after intravenous injection, with
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Comparison of mean plasma concentration curves (+ SEM) after 1-0 mg digoxin ad-

ministered as paediatric elixir or ‘lanoxin’ tablets.
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FIG. 2 Curve of mean plasma digoxin concentration after 1-0 mg as paediatric elixir compared

with that after 0-75 mg injected intravenously.
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FIG. 3 Curves of mean plasma digoxin concentration (+ SEM) after 1-5 and 1-0 mg doses of
¢lanoxin’ tablets compared with that after 0-75 mg injected intravenously.

correction for differences in administered dose.
For example in one subject, respective area under
curve values of 69-7 and 66-3 (ng/ml) xhr were
obtained after administration of 1-0 mg of elixir by
mouth and o0-75 mg intravenously. For this subject,
percentage absorption of digoxin from elixir was
calculated as

(69-7/1-0)
(66-3/0°75)

Group mean values were derived for both tablet

X 100 =79 per cent

occasions together, and for elixir. The mean area
under curve measurement after the injection was
61'1 (ng/ml) x hr, and mean percentage absorption
of digoxin could be calculated as approximately 64
per cent from tablets and 78 per cent from elixir.
Cumulative urinary excretion of digoxin after
each mode of administration is compared in Fig. 4.
Mean percentage excretion of administered dose
for 4 tablets, elixir, and injection was, respectively,
46°4, 536, and 708 per cent, only that after intra-
venous administration being significantly different
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from the others (P <o-o1). However, the proportion
of administered dose excreted during the initial
8 hours was significantly lower (P<o0-05) after
tablets, whereas there was no difference between
elixir and injection. Only at 24 and 48 hours
were cumulative excretions after all treatments
significantly different (P <o0-05). Ranges of per-
centage excretion of administered dose after in-
jection, tablets, or elixir were respectively 64 to 81
per cent, 35 to 60 per cent, and 39 to 76 per cent. For
individual subjects, there was a correlation be-
tween the percentages of administered dose ex-
creted after tablets and elixir (r=0-81, P <0-05).
For each individual, digoxin absorption was calcu-
lated by expressing the percentage of orally ad-
ministered dose excreted as a proportion of that
percentage excreted after intravenous injection.
Between subjects, percentage absorption ranged
from 44 to 82 per cent from tablets, and 57 to 96 per
cent from elixir, with mean values of 63 and 75 per
cent, respectively. For individual subjects, there
was a significant correlation between measures of
percentage absorption determined by the area under
curve and urinary excretion methods (r=o0-87,
P<o-o1).

In the steady state, plasma concentrations on day
15, I2 hours after a tablet, ranged from o-7 to
1-55 ng/ml. Percentage urinary excretion of the
administered dose of one tablet was calculated for
each subject during the interval of 12 hours be-
tween administration of two consecutive tablets.
Within the group, percentage urinary excretion
ranged from 31 to 61 per cent. For individuals, per-
centage of administered dose excreted during a
dosage interval in the steady state correlated with
percentage of administered dose excreted over 12

days after the single dose of four tablets (r=0-77,
P <o0-05).

It was assumed that digoxin excretion was accord-
ing to a simple one-compartment open model, in
which the cumulative amount of measurable
digoxin, U(t), excreted in urine in time t was related
to the total amount of measurable digoxin, U®,
which was ultimately excreted in urine, by the rela-
tion

U =U>@a—e"*

where k is the elimination rate constant. This can be
rewritten as

log, [U® —U(t)] =kt +log, U®

where U®—U(t) represents residual digoxin re-
maining to be excreted in urine. Calculations of this
residual quantity were made after each collection
period using the cumulative excretion at 12 days as
the best estimate of U®, and k was estimated by
linear regression of logarithmic values of the resi-
dual quantity against time. The regression calcula-
tions showed an excellent fit with the kinetic model
in each subject-occasion. Individual half-lives of
urinary elimination were calculated as log,2(=0-6932)
divided by k. Both plasma and urinary half-lives
were consistent between treatment occasions and
also fairly similar between subjects, ranging from
32 to 41 hours. There was no evidence of difference
of plasma elimination half-life in the steady state
compared with single dose occasions.

There was no correlation between steady state
plasma concentration and either body weight or
creatinine clearance. Further there was no signi-
ficant relation between urinary elimination half-life
and steady state plasma concentration (r=o0-31,

80r
4——0—’.'_-.-—-.__.-_..-_.
60F -
a”‘
o td ) 2
% OF DOSE ”
EXCRETED 40| _ ]
INURINE | f 7 o
20} 1
2 y 3 8 0 12

DAYS AFTER ADMINISTRATION

e A A —— Elixir

seeeee Tablets

FIG. 4 Mean cumulative urinary excretion of digoxin shown as a percentage of the administered
dose compared after paediatric elixir, ‘lanoxin’ tablets, or intravenous injection.
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FIG. § Correlation of percentage intestinal absorption against steady state plasma digoxin
concentration (Pgs) while taking lanoxin’ tablets, corrected for body weight (B.wt). Percentage
absorption was calculated by comparing areas under plasma concentration curves (AUC) after
intravenous injection with those after 1 mg (open circles) or 1-5 mg (filled circles) of standard

¢lanoxin’ tablets.

P> 0-05). However, there were significant correla-
tions between steady state plasma concentration and
measures of individual percentage absorption of
digoxin from tablets. When percentage absorption
was calculated by comparisons of values of 5 days
urinary excretion after both single doses of stan-
dard tablets with those after intravenous injection, a
significant correlation against plasma concentration
was noted (y=0-015x+026; r=068, P<o-01).
When percentage absorption was calculated by
comparison of measurements of area under the
plasma concentration curve, a correlation of
r=0-70 (P <0-01) was obtained. As shown in Fig. 5,
correcting steady state plasma concentration for
differences in body weight tended to improve the
correlation, despite the observation that body weight
was not significantly correlated with plasma con-
centration.

Discussion

Renewed interest in the absorption of digoxin fol-
lowed the demonstration of large variations in the
bioavailability of digoxin from tablets (Linden-
baum ez al., 1971; Manninen, Melin, and Hirtel,
1971). To assess fully the relative bioavailability of
various preparations, it is necessary to know the
maximal possible percentage absorption of digoxin.
However, there are many difficulties in estimating
percentage absorption. After ingestion of an alco-
holic solution of tritiated digoxin, approximately
30 per cent of the radio-label was not recoverable in

chloroform extracts of excreta (Doherty er al.,
1961). Large between-subject variation was seen,
but mean recoveries of 46 and 27 per cent were
achieved in urine and stools, respectively. After
demonstrating that much of the chloroform-
extractable tritium label in stools was excreted in
bile, it was estimated that 85 per cent of ingested
digoxin was absorbed (Doherty ez al., 1970). This
figure seemed too high, however, as the same
workers reported much higher percentage urinary
recovery of radioactivity after intravenous than after
oral administration. None the less, using radio-
immunoassay to determine urinary digoxin, a closely
similar percentage urinary excretion of administered
dose was reported after intravenous or oral admin-
istration of ‘lanoxin’ injection fluid in four vol-
unteers (Huffman and Azarnoff, 1972). It was sug-
gested that digoxin in alcoholic solution was almost
100 per cent absorbed. By contrast, similar studies
by other investigators resulted in calculations of
65 per cent absorption for elixir (Greenblatt ez al.,
1973). The difference between these contrasting
results can be completely accounted for by the per-
centage urinary excretion of injected digoxin in the
former study (Huffman and Azarnoff, 1972), which
was well below other reported values. Our experi-
ments show that there is considerable between-
subject variability in absorption, but confirm that
digoxin is incompletely absorbed even in alcoholic
solution. It is suggested that maximal percentage
digoxin absorption varies between 57 and 96 per
cent, with a mean of 75 per cent. The digoxin in
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‘lanoxin’ tablets currently being manufactured in
England is slightly less bioavailable than that in
elixir, percentage absorption varying between 44
and 82 per cent in different subjects. When the
mode of digoxin preparation for a child is changed
from elixir to ‘lanoxin’ tablets, no alteration in
dosage should be necessary. However, increased
nominal dosage of low dissolution rate tablets must
be prescribed to maintain the same level of digi-
talization.

In unpublished experiments from these labora-
tories, a solution of digoxin in water showed bio-
availability equal to standard ‘lanoxin’ tablets, in
contrast with elixir, In both elixir and water solu-
. tion the digoxin must be considered to be maxi-
mally and instantly available. Possibly digoxin
transport is facilitated by the alcohol or propylene
glycol content of elixir. The major difference was
presumably in rate of absorption, as elixir produced
much larger peak plasma concentrations within an
hour of ingestion. A water solution provides
digoxin immediately available for normal intestinal
transport systems, and is the best standard for bio-
availability comparisons of other oral preparations
as it avoids the possible complication of solvent-
facilitated absorption.

After the relation of steady state plasma concentra-
tion to clinical efficacy and toxicity (Chamberlain ez
al., 1970; Redfors, 1972) was shown, computer
programmes were designed to calculate the daily
digoxin dose which would produce a required
steady state concentration (Jelliffe, Buell, and
Kalaba, 1972; Sheiner, Rosenberg, and Melmon,
1972). These regimens require an estimate of
volume of distribution (e.g. body weight or lean
body mass) and an estimate of elimination rate (e.g.
creatinine clearance, blood urea). It is claimed that
use of such programmes may help to reduce the in-
cidence of adverse reactions, and in 95 per cent of
patients will sustain body digoxin stores at 73 to
150 per cent of the selected level (Jelliffe et al.,
1972). By contrast others have found them capable
of gross approximations only (Peck ez al., 1973), the
95 per cent confidence limits for a predicted plasma
concentration of I ng/ml ranging from o to 2-1 ng/ml.
This limitation is explained by the considerable
individual variation in intestinal absorptive capacity.
In our group of subjects with normal renal function,
elimination rates were highly similar, and other
sources of variability were, therefore, more apparent.
Absorptive capacity will be less important in a
population with a wide range of renal function. In
patients requiring digoxin, administered dose and
renal function are important factors in determining
plasma concentration and clinical response. How-
ever, as any individual patient’s absorptive capacity

is unlikely to be known, precise clinical supervision
would require periodic laboratory determination of
plasma concentration. As the steady state plasma
concentration on a given preparation of digoxin is
related to the patient’s absorptive capacity, it will
provide a rough guide to the dose of any alternative
preparation, assuming that the relative bioavail-
ability of the preparations is known.
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