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more and more convinced , that the Digitalis, under a judicious 
management, is one of the mildest ... medicines <ve have , and 
one of the most efficacious .. .. it is not necessary to create 
a naus ea, or any other disturbance in the system. " 

Withering, "'· : Letter to 
Hall Jackson, 1786. 
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HISTORICAL NOTE 

From An Account of the Foxglove and Some of its Nedical Uses 
by William Withering. Swinney , Birmingham, 1785. 

"In the year 1775, my opinion was asked concerning a family receipt 
for the cure of the dropsy . I was told that it had l ong been kept secret 
by an old woman i n Shropshire, who had sometimes made cures after the more 
regular practitioners had failed . I was informed also , that the effects 
produced were violent vomiting and purging; for the diuretic effects seemed 
to have been overlooked . This medicine was composed of twenty or more dif
ferent herbs; but it was not very d ifficult for o ne conversant in these sub
jects, to perceive, that the active herb could be no other than the Foxglove. 

My wo r thy predecessor in this p l ace, the ver y humane and ingenious , 
Dr. Small, has made it a practice t o give his advice to the poor during one 
hour in a day. This p ractice , which I continue d until we had a n Hospital 
opened for the reception of the s ick poor, gave me an opportunity of putting 
my ideas into execution in a variety of cases; for the number of poor who 
thus applied for advice, amounted to between two and three thousand annually . 
I soon found the Foxglove to be a very powerful diuretic; but then , and for 
a considerabl e time afterwards , I gave it in doses very much too large, 
and urged its conti nuance too long .... 

I had not , however , yet introduced it into the more regular mode of 
prescription; but a circumstance happened which accelerated that event . 
My truly va luable and respectabl e fr i end , Dr. Ash , informed me that Dr . 
Crawley , then pr incipa l of Brazen Nose College, Oxford, has been cured of 
a Hydrops Pectoris, by an empirical exhibition of the root of the Foxglove , 
after some of the fir s t physicians o f the age had declared they could do no 
more for him. I was now determined to pursue my former i deas more vigorously 
than before , but was too we l l aware of the uncertainty which must attend on 
the exhibition of the root of a biennial p lant, and therefore continued to 
use the leaves . These I had found to vary much as to dose , at different 
seasons of the year; but I expected , if gathered always in o n e condition of 
the p l ant , viz., when it was i n its flowering s tate, a nd carefully dried, 
that t~e dose might be ascertained as exactly as that of any other medicine; 
nor have I been disappointed in t his expectati on. The more I saw of the great 
powers of thi s plant , the more it seemed necessary to bring the doses of it 
to the greatest possible accuracy . I suspected that th i s degree of accuracy 
was not reconcilable with the u se of a decoction, as it depended not onl y upon 
the care of those who had the preparation of it , but it was easy to conceive 
from the a nalogy of another plant of the same natural order , the tobacco, 
that its active properties might be impaired by long boi l ing . The decoc-
t i on was therefore discarded, and the infusion subst ituted in its place . 
After this I began to use the l eaves in powder . ... 

(1) 
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Further experience convinced me , that the· diuretic effects of this 
medicine do not at all depend upon its exciting a nausea or vomiting; 
but ~n the contrary, that though the increased secretion of urine will 
frequently succeed to, or exist along with these circumstances, yet they 
are so far from being friendly or necessary, that I have often known the 
discharge of urine checked, when the doses have been imprudently urged so 
as to occasion sickness. 

If the medicine purges, it is almost certain to fail in its desired 
effec t; but this having been the case, I have seen it afterwards succeed 
when joined with s mall doses of opium, so as to restrain its action on the 
bowels . " 

(2) 
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GRAND ROUNDS: Digoxin, 1977 

c· Introduction 

( 

Digoxin was recently found to be the fourth most commonly 
prescribed drug in the United States. And, in 1972 some 600 papers 
were found under the heading "Digitalis" in the Index Medicus , 
epitomizing a recent information explosion. Digitalis drugs were 
used by the Egyptians 3500 years ago. Preparations containing 
digitalis continued to be used in folk medicine through the 
centuries , but it was William Withering who first place d its use 
on a scientific bas is. Most of what he said is either still 
accepted or still argued about today . Because physicians often 
did not heed the cautions provided by Dr . 1</i thering , the drug was 
held in disrepute through much of the 19th century. But digitalis 
r egained its place in the physician's armamentarium in this century. 
The brilliant discovery of precise techniques for the easy measurement 
of this drug in serum and tissues has allowed the world ' s investigators 
to more completely describe its pharmacology. Because of the voluminous 
l iterature, I shall be selective rather than exhaustive in my subsequent 
r emarks. 

Basic Considerations: 

A. Biochemical 

The first figure shows the structure and metabolic degradation 
of digitoxin and digoxin (l) . There are over 300 similar compounds 
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in the digitalis group. They a ll must conta in a standard nucleus w~tn 
a 5- or 6- membered alpha, beta unsaturated l actone ring , which 
c haracterizes the c l asses known as cardenolide or bufadienolide 
respectively , attached at the C-17 pos itio n. The doub l e bond of the 
lactone ring appears to be necessary for cardiac action, and sa turation 
results in near or complete l oss of activity . A hydroxyl group in the 
beta configuration at C-14 and cis fusion of the c and E r ings of the 
nuc l e us are necessar y for cardiac activity. Thus, the s tructura l 
requirements for activity a r e present in the agl y cone rings , but the 
addition of o n e or more sugar residues at C- 3 i ncreases the potency 
and duration of action (2 ) . 

The s teps in biotransformation are indicated b y the a rrows in the 
figure , and it s hould be particularly note d that digitoxi n and various 
of its products can be converted to digoxin or the c omparable digoxin 
metabolite by b e ta hydroxyl ation at the 1 2 position. Some of these 
conversio ns become exaggerated by drug interactions o r occas ional l y in 
an individual who seems t o deve l op an abundance of o ne of the necessary 
breakdown enzymes. 

According to Oki ta, much of the disparate behavior of the seve r al 
c linically important glycosides can be correlated with their polarity (1 ) . 
Table 1 s ummarizes this information for ouabain , digoxin and digitoxin. 
It can be seen that the most water soluble of the three, ouaba in with 
5 OH g r oups , has the short es t biological half life and i s exc reted by 

Table l 
Correlati on of Pol arity with Half-life and 
Extent of 11etabolic Trans formati o n 

No . of OH 
Groups o n Half % Metabolites 

Glycoside Nucleus Life in 24 hr . Uri ne 

Ouabain 5 21 hrs . 0 

Digoxin 2' 36 h r s . 7 ± 2 (S.E.) 

Digitoxin l 1 20 h rs. 74 ± 3 (S.E . ) 

*Adapte d from Okita, G. T.: Distribution, disposition 
and e xcretion of digitalis glycosides in Digitalis 
ed b y Fisch , C . and S urawicz , B . Grune & Stratton , 
New York, 1969 P . 23 . 

the kidneys unchanged. The l eas t polar compound, dig itoxin with 
1 hydroxyl group , has the l ongest biological half-life of approximately 
f ive days , and , because of its lipid solubility , must be largely 
broken down into me tabo li tes p rior to renal e xcretion . About 75% 
of an administered dose i s excreted in the f o rm of v a riou s more water 
solubl e me tabolites than the parent compound. Digoxin, wi th the 
relative increase in pol a rity provided by the presence of 2 OH groups , 
has a half-life of about 1 . 5 days and more than 90% of an administered 
dose is excreted unchanged in the urine . 

(4) 
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B. Pharmacodynamics : 

Figure 2 s ummarizes the important features of the pharmacokinetics 
of digoxin (3-6) . When adminis t e red orally in an aqueous solution 
or in the form of an elixir , approximate l y 8 5% of digoxin is a bsorbed 
f rom the GI tract {7). Absorption is a passive , non-saturable trans 
port proces s (8) occurring principally in the proximal s mall intestine 
(9,10). About half of an oral dose is absorbed by way of the portal 
vein {ll). According to Doherty's data, approximately 6 . 8% of an 
administered dose is recycle d through the enterohepatic circuit {7). 
More recen·t data would indicate that under some circumstances , for 
example in a nephric patients, this amount may be significantly greater 
than 6.8% (1 2). The absorbed material, Figure 3, appears in the serum 
quickly and rises to a peak l evel approximately l hour after administra 
tion of the drug. This first rise and fall has a half-life of about 
60 minutes and r epresents the plasma:tissue distribution phase 
which is then followed by the s low disappearance or excre tion s l ope. 
This represe nts me taboli s m and excretion of the drug with a half-time 
of about l l/ 2 days or 36 hours. Three percent appears in the stool 
per d ay and 30% appears in urine per day equaling a total excretion 
of about 1/3 of the total body stores per day . As previously indicated 
90% is in the form of digoxin and 10% ~pproximately in the form of 
degradation products or metabolites. As one might suspect, the 
mode of adminis tration may alter the time to peak serum l evel and ~~e 
dura tion of plasma:tissue equilibration. Whe n given intramuscularly , 
the first rise a nd fall requires some 10 to 1 2 hours and has a half
time of about 1 00 minutes , but then describes a simil ar s l ow excretion 
s l ope . Intravenous administration shortens this initial curve to 
a half-life of 30 minutes and declines to the excretion slope after 
about 3 to 4 hour s {3,4). 

The pl:: incipal di-ffe r ences seen with the non-polar digitoxin 
a r e c haracte ri zed in Figure 4. One notes the longer serum half-time , 
the 100% absorption figure, the larger proportion of an administered 
dose recycled in the ente1;ohepatic circuit, the small daily p e rcentage 
excre tion with the major portion in the form of breakdown products 
(3,4,13). 

Figure 5 describes th e no n-cardiac tissue distributio n af ter 
intravenous administration to dogs , and demonstrates the large build-
u p in the orsan of excretion , the kidney , in contrast to live r, pancreas, 
a nd diaphragm follnwi nq a n .inntropic dose of . 03 rng/kg (14). The 
myocardial distribution i s note d in Figure 6 , where several areas of 
l ef t ventricle have e qual and higher accumulations than the right 
ventricle. The atria were equal and accumulated about half the content 
observed in the l ef t ventricl e. Figure 7 shows the t.issue:serum 
conce ntration ratios during the beginning of the slow excretion s lope 
after an inotropic dose, dark bars, and it can be seen that throug hout 
the l e ft ventricle this ratio was approximate ly 30 to 1. It was 
Doherty who first noted th e constancy of tissue:serum concentrati on 
ratios after plasma: tissue e quilibration during s low excre tion (15). 
Thi s l ed him to predict tha t s hould a method become availab l e for the 
measurement u f digoxin in serum that it would have a predictable linear 
relationship to tissue content and therefore s hould be useful in 
c linical assessment of digoxin myocardial content. 

{5) 
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In Figure 8 , we can note t ha t a t the sub-ce llula r l evel d igoxi n 
app ea rs to accumulate preferentially~in the microsomal fra~tion of 
guinea pig heart homogenates (1 6 ) . Thi s fractio n contains all t he 
l ight membranous components inclu~ing c ell membrane fragments , 
sarcotubular e l ements and other intrace llular compone nts . Thus , 
although digoxin may be found throughout the myocardial c e ll, it does 
s eem to pref e r to ac cumula t e in the area where we conside r its a ctive 
binding s ites to be on o r in the vicinity of the membrane sodium 
pot assium ATPase. Additionally , in Figure 9·, we see that the uptake 
of ouabain by the heart is sens itive to the sodium concentra tion at 
a cons tant potas sium concentratio~ : The higher the sodium concentration 
t he greate r the amount of uptake with 100% uptake at approximately 
140 mM . In Fi gure 10, at a sodium concentration of 145 mM , variable 
pot assium concentra tion s ignificantly affects ouaba in uptake with 1 00% 
uptake occur ring at 5. 8 mM, more than twice that is taken up at 1 mM 
conc entration ; with high potass ium, an inhibition of uptake t o less 
than 50% tha t a t 5. 8 mM occurs . And, a s might be inferred from thes e 
da ta, we see in the next figure , 11, the r elations hip of perf usion 
medium sodium/ potass ium ratio and uptake of ouabain by t he perfused 
guinea pig heart demonstrating the inhibiting effects of l ow ratios 
and the enhanced uptake with high ratios. 
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Since digoxin excretion is dependent upon the kidneys, it should 
be clear that the rate of excretion is sensitive to renal function 
(17 , 18). In normal subjects the digox~n body clearance has been 
estimated to be 188 + 44 ml/minute/1.73 meters2 B.S.A. (19). There 
is a significant correlation between both the creatinine clearance and 
the BUN with digoxin disappearance time and with the amount that 
appears in the urine each day. Digoxin renal clearance is greater than 
inulin clearance indicating active tubular secretion (20), presumed to 
take place in the distal segment of the renal tubule . With borderline 
or abnormal renal function, digoxin clearance appears to be related 
to the urea clearance and BUN better than it is to creatinine 
clearance or serum creatinine. It also can be related to the low 
urine flow rates in this situation independent of these clearances (21) . 
Renal excretion of digoxin is a result of its polarity, and modest, 
easily reversible protein binding by serum protein (22,23). The 
excretion of digoxin is not enhanced by large increase s in urine flow 
since even in patients with nephrogenic diabetes insipidus, (24) and 
hemodialysis does not affect the plasma disappearance rate. (18) 

C. Rationale for the Use of Serum Drug Concentrations as Therapeutic 
Guides: 

While Jim Doherty predicted that knowledge of serum levels of 
digoxin would have clinical relevance, Koch-Weser has revie1ved the 
general rationale for the preferential use of serum drug concentrations 
rather than dosages as therapeutic guides. (25) Figure 12 illustrates 
why the relationship between dose of drug and the actual serum 
concentration might orten be poor. The largest source of variability 
between people is in the area of completeness of absorption, apparent 
volume of distribution, and the rate of elimination. He pointed out 
that, in general for digoxin and many other drugs, that the relation
s hip between the serum concentration , the concentrations at the site 
of action, and the intensity of effect tend to be well correlated, and 
that, in fact, the serum level of a drug may often be used as a 
useful index o f the degree of receptor occupancy. 

(_ ' D. Bioavailability: 

The discovery and continuing investigation of the bioavailability 
problem illustrates the usefulness of easily performed, precise 
methods for measurement of digoxin in serum and urine. 

(11) 
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Schematic representation of a ;_:p~:: .. JI 0.25 tr.f: 
digoxin tablet. Tablet weighs 725 mg ( 125,000 ugi. V'!h::" 
circle depicts 0.25 mg (250 ;:g) digoxin. Black circles r~p-
resent various excipients. ( 26) 

This problem may be divided into two parts. First, is the 
question of tablet content; the US Pharmacopeia requires that tablets 
contain between 92 and 108 percent of the stated amount of glycoside (26) 
In the early 70s it was found by the FDA that 20 of 32 firms failed 
content uniformity standards, and that as many as 47% of digitalis 
tablets had to be recalled (27,28). This problem seems to be under 
control now, but the errant manufacturers have not been publicly 
identified. The largest digoxin manufacturer, Burroughs Wellcome, as 
well as some othe rs, have never had a lot of tablets recalled (26). 
The second is bioavailability or the facility with which a tablet 
releases its active ingredient. Figure 13 illustrates the problem. 
A 0.25 mg digoxin tablet actually weighs about 125 mg so that only l 
part in 500 by weight is digoxin and the remaining 499 parts are a 
varie ty of excipients. From the manufacturing standpoint, therefore, 
when a single quarter ton batch of 2 million digoxin tablets is prepared 
it is a challenge to insure equal distribution of the active ingredient, 
digoxin, so that every individual tablet contains the same amount and 
will be formulated in a manner that it will effectively and predictably 
release its active ingredient for absorption (26). The bulk of the 
tablet is made up of fillers, granulating agents, lubricants, disinte
grants. Disintegration time depends on these factors plus the granule 
size , surfactants, compressional pressure, particle size of active 
drug as well as age and condition of storage (28) . Even solutions or 
e lixirs of digoxin are less bioavailable than a comparable intravenous 
dose (29). This seems to be dependent upon s uch factors as motility, 
intestional tissue degradation, unfavorable in vivo partition coefficients 
between membranes and GI fluids, the pH of the gastric juice, and 
possibly still others. 

In 1971, Lindenbaum and his colleagues encountered several 
patients with rapid atrial fibrillation with no evidence of thyroid 
or GI disease who were taking 0.75 to l mg of digoxin daily with 
poor rate control (30). Their serum digoxin levels were unexpectedly 
low and they wondered about the adequacy of their digoxin tablets 
and carried out the experiment illustrated in Figure 14. It can be 
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-~ ' Mean serum digoxin concentrations after oral administration of di{; :;xin pro~ucts 
from three manufacturers (including two lots from company " a " ) to four normal subJeCt>. 
Serum levels after A differed significantly from those after a, and Cat each time interval ex
cepl at_ 3 hours; the same was true when a, and a2 were compared. From Lindenbaum et 

(26) 

seen that peak blood levels after administration of 0.5 mg tablets 
from 3 different companies, there was a 7-fold difference in peak 
level between Brand A and Brand B2. As might be expected, these 
results gave rise to a great flurry of activity and FDA sponsored 
conferences looking for the solution to this problem. The unflappable 
Dr. Doherty editorialized that 70 to 80% of already available digoxin 
was "good" digoxin, that is, it was Brand A or Burroughs Wellcome 
Lanoxin, and that the problem was really soluble (31). Other observers 
recommended switching to digitoxin since it was 100% absorbed when 
administered orally (13). Dr. Koch-Weser recommended that variation 
in bioavailability should be limited to less than 20 percent, and 
that complete predictability would be ideal (32) . The regulators, 
in consultation with clinicians and backed by a NY Heart Association 
Task Force on Digitalis Preparations, feared the hazard of unantici
pated changes in potency of tablets (27,32). Thus, all agreed to set 
for the time being upper limits on tablet dissolution rates which seemed 
to be so critical in determination of bioavailablity. They would 
then require a 55 to 95% dissolution rate while studies were contin
uing. Preparations which had faster rates of dissolution would be 
considered new drugs and tested for their safety. 

Lindenbaum and colleagues had fortunately found that there was 
an excellent correlation between tablet dissolution in 6% HCL and in 
vivo bioavailability (34). The good correlation with peak serum 
digoxin level is seen in Figure 15. If there is less than 50% 
dissolution in 2 hours, relatively little digoxin from a tablet is 
effectively released for absorption in the GI tract. Figure 16 
compares the serum digoxin concentrations after administration of 
elixir, the standard, on the left \dth those seen after rapid 
dissolution tablets and on the right after s l ow dissolution tablets 
(35). A sizeable number of human studies have utilized various 
techniques to test for bioavailability including short term serum 
levels, 6 hour and 24 hoururinary cumulative excretion and 6 and 9 
day cumulative urinary excretions (36,37). 
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In England, afte r a change in the manufacturing process, serum 
level assessment demonstrated that the serum digoxin was 2/3 highe r 
after the change (38). , Thus, monitoring serum levels would be 
necessary whe n there was a possibility of changing brands or manu
facturing methods. The best standard by which to judge bioavailability 
of all the orally administered tablets is a slow l hour infusion, and the 
most stable measure of absorption and excretion is a 6 day cumulative 
urinary excretion measurement (39) . A 24 hour urine can be substituted 
and correlates very well, R=0.94 (40) . l~hen one deals with "good" 
digoxin and is testing different lots from the same manufacturer, it 
has been found that the intersubject variation in bioavailability 

Additional sources of interference with absorption of tablets 
actually taken is the interference with absorption produced by 
neomycin (45) , diphenylhydantoin (46) , and by various antacids and 
kaolin-pectin (47) as well as sulfasalyzine (48) . Cholestyramine , 
which interferes with the absorption of digitoxin and has therfore 
been recommendedas a form of therapy in cases of digitoxin intoxi
cation (49), has yielded conflicting data with respect to its effect 
on djgoxin absorption and excretion (50,51). The recent impressive 
study from Little Rock using t racer technics showed increased variation 
in serum leve l s and s tool and urinary ~utput after cholestyramine, but 
that it had no net short term effect on these three variables and 
only a minor increase in stool content after one month ' s adminis
tration (50) . 

E. Summary of Inotropic and Electrophysiological Effects: 

The principal effects of glycosides for which they are applied 
in clinical medicine have been the subject of many investigations 
the details of which are beyond the scope of this presentation. 

1. Inotropic effect·s: 

The next series of diagrams 17 through 20 summarize the results 
of a ser ies of elegant studies carried out during the 1960s at the 
National Heart Institute in the laboratory under the direction of Dr. 
Eugene Braunwald involving many of his colleagues during that era, 
especially Dr. Dean Mason from whose review these figures are 
reprinted (52). Figure 17 settles the issue of whether normal myo
cardium is affected by digitalis. The clear-cut increase in rate 
of rise of ventricular pressure is obvious. Figure 18 shows the 
force -velocity relatio nships unde r a variety of conditions. The 

effects of digitalis are described on the normal heart , in ventricular 
hypertrophy without failure, panel B; and in the heart which has been 
subject to congestive heart failure. Figure 19 lists and illustrates 
the direct actions and the resultant hemodynamic alterations in a 
normal subject. Figure 20 shows the actions and the resultant h emo 
dynamic alterations in congestive heart failure. The direct i o n of 
changes unde r hemodynamic alterations are indicated by the direction 
of the arrow, and I think we can agree that there are a variety of 
effects which would be beneficial to the victim of congestive heart 
failure. In a n outstanding series of independent investigations 
utilizing noninvasive techniques, Weissler and his colleagues carried 
out a series of parallel, confirmatory studies. (53 , 54) One major 
point made in this series of investigations which had been fuzzy 
in the older literature was the clear cut dose response curve that 
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could be demonstrated, and is illustrated in Figure 21 · What we 
see here is a definite s hortening of both l eft ventricula r ejection 
time and Q-s 2 time demons trable with a quarter of the full digita lizing 
dos e , a median response with half a digitalizing dose and then t he 
completed r esponse with a full dose. I emphasize thi s particular 
point because I think it has relevance to the manner in which we tend 
to utilize digoxin clinically and of course demonstrates that it 
generally may not be necessary to push digitalis glycosides to t heir 
limits , that is to toxicity, before enjoying at least a good r1eal of 
the needed improvement for which the drug was given . 

Figure 21 
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2. Electrophysiological effects: 

Despite major advances in the unde rstanding of cardiac electro
physiology, many unanswered questions remain concerning both the 
therapeutic and toxic effects of digitalis on the electrical activity 
of the heart. It is known that cells in various parts of the heart 
show variable sensitivity to the glycosides. Careful differentiation 
between the direct and neurally mediated effects must be ca rried out 
before definitive mechani sms of action can b e described. The following 
effects are agreed to occur within the specialized conduction tissues 
of the heart: increased refractory period and decreased conduction 
velocity; these effects slow the ventricular response to atrial 
fibrillation and a trial flutter and prolong the PR interval in the 
presenc(! of norma l sinus rhythm. These effects are summarized i _n the 
resulting prolongati on of A t o H time in His bundle conduction studies 
indicating that these principal effects of digitalis a ffect the 
conduction tiss ue above the His bundle predominantly since the H-V 
time is insignificantly changed. We do know tha t in the atrial and 
ventricular myocardial tissue , however, the refractory period tends 
to be shortened a nd this more rapid recovery results in the typical 
s hortening o f the QT interval. With increased amounts of digitalis 
in model experiments, it appears that both increased automaticity as 
well as conditions favoring reentry occur . Both mechanisms must be 
considered as potentially capable of producing the arrhythmias 
associated with digitalis overdosage (55) . 
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F. Methods for measurement of digoxin in the serum 

The problem of direct measurement of therapeutic concentrations 
of digoxin in serum prior to the mid-60s resulted from the fact that 
the measurement of a billionth of a gram of steroid (less than l% is 
present in the vascular compartment) was beyond the abilities of the 
biochemist. Until that time, pharmacologists and physiologists were 
dependent on various more or less refined bioassays the endpoints of 
which were effects on cat hearts, the rate of beating of duck embryo 
hearts or the ventricular response rate in human subjects with atrial 
fibrillation. As brilliant as were the radioactive tracer studies in 
animals and experimental human subjects, the description of Dr. Lukas 
in 1966 of the measurement of non-radioactive digitoxin and estimates 
of its metabolism and turnover in human patient subjects was nothing 
short of astonishing (56). · By 1969, the most important methods had 
been developed (57). They have been critically reviewed several times 
but perhaps the best such review was by Dr. Vincent P. Butler, Jr. in 
1972 (58). It was Dr. Butler who was principally involved in the 
development of the radioimmunoassay which is the current gold standard 
for the precise measurement of digoxin and other digitalis glycosides. 
In 1967, Drs. Butler and Chen overcame the non-antigenicity of digoxin 
(M.W. 500) in a manner illustrated in Figure 22 (59). Digoxin has 
chemically conjugated as a haptene to bovine serum albumin by the 
periodate oxidation method. Rabbits were then immunized with this 
conjugate labelled BSA-Dig and they then formed antibodies capable of 
binding digoxin. They also formed antibodies to the bovine serum 
albumin, but this did not interfere with the digoxin immunoassay pro
cedure later developed. Additionally, in their classic paper they also 
demonstrated that non-radioactive digoxin inhibited the binding of 
tritiated digoxin ·by anti-digoxin antibody. They thought that 
development of a practical radioimmunoassay capable of precise measure
ment of digoxin in the small amounts present in blood was quite likely. 
They were inspired to pursue this goal by the results of Doherty's 
studies in which he found a relative constancy of myocardium to serum 
concentration ratios (mean 29 to l) and stated in his 1967 paper that 
the relatrive constancy of these ratios in the face of large differences 
in total body digoxin stores "indicates that the serum-digoxin level 
is related to the cardiac muscle digoxin level in that a serum digoxin 
determination ... should be of definite value in clinical assessment 
of digoxin cardiac content" (15). Despite the potential excitement of 
these developments, Dr. Butler found it impossible, despite his most 
pleasant personality, to find collaborators at his medical center 
in New York. He overcame this by finding willing and able collaboration 
at the Massachusetts General Hospital in the form of Drs. Thomas 
Smith and Edgar Haber. Their work resulted in the landmark paper 
authored by Smith, Butler and Haber entitled "Determination of 
Therapeutic and Toxic Serum Digoxin Concentrations by Radioimmunoassay" 
published in the New England Journal of Medicine in 1969 (57) . This 
radioimmunoassay was based on methods developed by Berson and Yalow 
for the assay of insulin and other peptide hormones. Since the amount 
of labele d glycoside bound by a standard amount of antibody will 
decrease as increasing amounts of unlabeled glycoside are added, a 
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Figure 22 

DIGOXIN 

~+ 

2 INJECT 

Production of antibodies to digoxin. Top, digoxin (Dig) was chemically conjugated 
as a hapten to bovine serum albumin (BSA) by the periodate oxidation method. Bottom. rab
bits were immunized with BSA-Dig coujugates and formed antibodies capable of bindmg 
digoxin, as indicated by bivalent antidigoxin antibody molecule: antibodies to BSA were also 
formed. but did not interfere with digoxin immunoassay procedure. From Butler ( 26) 

standard curve, such as the one illustrated in Figure 23 , can then 
be constructed from which the concentrations of digitalis in a given 
patient's serum can be determined on the basis of the decrease it 
causes in the binding of radioactive glycoside by specific antibody. 
Since it would be unfair not to acknowledge other methods, we have 
adapted Table 2 to show the several more or less acceptable methods 
available for digitalis assay in plasma or serum. The radioammuno
assay method is the most precise and best adapted for wide-scale 
clinical determinations and investigative procedures requiring 
large numbers of determinations and not too fussy about the small 
amount of digoxin metabolites which may be available and inaccurately 
determined. The r ed blood cell rubidium 86 uptake inhibition method 
deserves special me ntion. It was de s cribed by a lone worker in San 
Francisco (60) a nd later unde rwent many modifications which brought 
it c lose to adequate sen s itivity and specificity. (61,62) l~e were 
able to make some reasonable observations with it (63,64) and it is 
still used in modified form by some European workers. As one puruses 
the advantages and disadvantages of each of the methods, I think 
we would all agree that the RIA method is the clear current winner. 
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Commercial laboratories have refined these RIA methods and offer 
them in the form of kits. By ut il izing an iodinated label instead 
of the tritiated l abel the technique has been further simplified. 
Although initially there was some question as to the accuracy and 
precision of the iodinated technique, (65) a number of recent papers 
have validated its precision and accuracy sufficiently that it i s 
useful both for c l inical and investigative purposes. (66-69 ) 

An illustrative example of such a ki t evaluation from our 
laboratory also demonstrates the talent of our t echnicians , Table 
3. In reproducibility studies wi th · a low content sample the coef
ficient of variation was 8% around a mean of 0 . 25 ng/ml, whereas 
with the 0.93 mean value sampl e the coefficie nt of variation was 
c l ose to l% as it was with the P92 sample mean of 3.81 ng/ml. In 
recovery studies , the variations of percent recovery in the range 
of c l inical interest was from 98.5% to 108.8% . The correlation of 
100 samples between the kit which we have used and validated clinically 
for a few years with a new kit is shown in Figure 24 with a near 
perfect correlation coefficient. 

N 
He a n 
Highes t va l ue 
Lowes t val ue 
S.D. 
c.v. (%) 

Rec ove ry St ud i es 

Table 3 

?90 

20 
0. 25 
0. 28 
0. 20 
0 .02 

8 . 0 

PS· .l 

20 
0.93 
0 . 9!; 

0 . 91 
0 . 0!. 
l. l. 

20 
J .Sl 
3. 9:: 
2 . / ) 
0 . J l, 

l. l 

Digo xin Rec:ove:-cd :::.D.::i:;.f':..:,o:..:x.:c-l.::.;,l:.:.' ...:'c:.\d=d.::c.::dc..__ ___ .....:c:_===.:....c==~==-'!_---..::''..:..'"'·c .•. :t ::eoc.··-~-
1 ng/ml 
2 ng / ml 
3 ng / ml 
4 r.g/ ml 

1.05 
l. 9 7 
2 . 99 
4.35 

n);/ml 
ng/ml 
ng /ml 
ns/ml 

10s . o;; 

99 . ?;: 
lCS . S% 

The practical advantage of utilizing an iodinated label allows 
one to use gamma counters which are simpler and less expensive than 
l iquid scintillation counters. Further, liquid scintillation counting 
requires an additional step to correct for luminescence cal led 
quenching. This further series of pipettings and rinsings prolongs 
the procedure and provides opportunities for technical error . It is 
necessary to note that the presence of similar types of radioactivity 
in the blood from other diagnostic tests can interfe re with the 
determi nation. Also low serum a l bumin may sometimes lead to spur
iously low results (70) and the presenc~ of digitoxin may be picked 

up to the extent of about 9% of the digitoxin presP.nt by the 
digoxin- specific antibodies. (71 ) An exciting new prospect is the 
potential practicality of the enzyme multiplied immunoas s ay technic 
or EMIT. (72) This technique does away with the di sadvantages inher
ent to all radioisotopic methods when used in routine c linical 
laboratories; specialized isotope safety considerations, licensure 
requirements, decay of radiolabel ed reagents, need for radioisotopic 
counting equipment, and the obl igatory separation of antibody bound 
from unbound isotope. Preliminary results wi th this method are 
quite promising . (71) 

(22) 
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Table 4 

It is clear from the clinical experiences of physicians that the 
initial enthusiastic wave following the introduction of these 
methods has been followed by a great deal of disillusionment. To 
their credit the principal developers of these methods have repeatedly 
emphasized the need to utilize this bit of information in the t otal 
clinical context presented by the patient. (55,59) The various 
pitfalls, t echnical and otherwise, in the application of digoxin 
determinations have been recently reviewed. (72,73) While there 
are potential pitfalls at every step of the way, those laboratories 
which perform the p rocedure carefully , with attention to all detail s , 
and employ the results in the light of the clinical data, the results 
have been, as we shall see , exceedingly valuable. 

Clinical Considerations: 

A. Principles and Methods of Digitalization 

In the marve lous little book authored by Bernard Lown and Samuel 
A. Levine entitled "Current Concepts in Digitalis Therapy" published 
in 1954, the distillation of the best available information concerning 
the uses and abuses of digitalis was presented (74). In general, 
these authors described the arrhythmias due to digitalis overdosage 
in detail, summarized the then known information concerning factors 
which enhanced human sensitivity to digitalis, especially hypokalemia 
and hypercalcemia, advocated the avoidance of rapid or parenteral dig
italization \~he rever possible, and especially when accompanied by 
massive diuresis, often leading to hypokalemia and digitalis intoxi
cation, and did in fact indicate that digoxin was the ideal available 
drug. Since that time the emergence of the knowledge of the 
detailed pharmacokinetics of digoxin together with the availability of 
serum levels promises to place the use of digoxin on a rational, 
scientific basis rather than the empiric more unpredictable basis 
that had been obtained in the past. The Table 4, taken from 
Tom Smith and Edgar Haber's book provides the latest information on 
the several commonly used preparations (55). The pioneering studies 
of Pardee (75) and of Harry Gold (76) set the stage for the key s tudy 
of Frank Marcus and associates who with modern tracer t echniques 
looked at the "Adminis tration of Tritiated Digoxin With a nd Without 
a Loading Dose: a Metabolic Study" (77). It had been common t o see 
patients completely redigitalized with a s lower acting s ubstance 
such as digitoxin or digitalis leaf immediately following digitalization 
with a _known short acting agent such as ouabain or cedilanid (78). 

GASTROJr-; . 0:-.:sET OF }lf.:\ K A\'f:RAC.F: 

Tt:STf \\',\1. Ar.noi'it En1:cr J Lu.r -
AnsmwnoN (mir~) (!11) Li FE! 

Ouabain U nrcli :t blc 

l >c~bnosidc U nrc liJ.h lc 
Oig?x in 55- /5% • • 

Digitoxin !10-100% 

5-10 v,-2 21 hr 

10-30 1-2 33 hr 
15-30 I V:!-5 3G hr 

25- 120 •1-12 4- 6 days 

PR1 1\7CIP.\ L 

~-IET:\lWUC ROLiT[ 

(EXCRF.TORY 

PATIIhAY) 

Renal; some gastro
intes tinal excret ion 

Renal 
Ren al; some g:J.s tro

intcs tinal excrt:tion 
Hcpa lictt; renal 

excn·tion or 
rnct;tbolilcs 

:\\' [R:\C:I::: DJ f,JT .\LI ZI :\G l:SUA I. D ,\J LY 

DosL ORAL 

- - ------- M.~ I ;";T [:"A:".CI: 
ORAl.~ 1;.. TR.-\ \ E;-.;oL:S~ DoSI:::I 

0.3-0.5 mg 

O.S mg 
1.25- 1.5 mg O.iS- 1.0 ms 0.25-0.5 mg 

0.7- 1.2 mg 1.0 mg 0. 1 mg 

Digir:tlis 
){';If 

t\IJou t ·10% - 4--ti days Simibr ro dibritoxin 0.8-1.:::? g 0.1 g 

• T :li>lc mod ifi ed ~ li g ht!)· from Smit h .l5-l 
t I· or inii J\"CilOIIS do.sc . 
t Fu r norm:d sui jeers (prolonged by ren:tl impairment with digox in , ouabain and desl:ln osidc, and probabl y by sc· 
n:rc hl"patic disease \\"i th digi roxi n ;md rligit:Jiis lc:d). 
II An:r:1g-c fo r ad uh p:H icm s without rcn.d or he patic impairment: varies wide ly among indi,·iduJI patients a nrl re· 
quires t lo.\C mcdi<.a l suprn-i'iion. 
~ I )j,·idnl r!o,cs oYe r J ~-2· 1 h011 rs ;u inl t'r\'a ls of 1._8 hour~. 

c; (;iw·n iu inrrcmc nrs fur inili ;:ll suiJcomplclc digi tali za tion , to be s upplemented by furth e r sm;~ll incn ·mc·nts as 
n t·o ·s~:-trr . 

• • l-or c';"~h!ct fo rm o f adminis trarion (m:t y be less in malabsorpt ion syndromes and in fumltl!J.tions with poor bio
a\.li bhilir y) . 
ttEntcrohcpaticcyclccxists. (55) 

(24) 
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Rosenblum noted tha t toxic e ffects occurred in about 50% of those 
who we re completely r edi g ital ized , and tha t those who, after d igi
talization with a short acting agent, were given o nly a mainenance 
dose had good c l i nical effects with a much lowe r incidence of toxi ci t y 
(79) 0 

Cardiac g l ycosides will accumulate in the body when given as a 
daily mainte nance dose without a l oading dose , and the same serum 
l evel will occur as i f a loading were g i ven . The accumulated body dose 
at the p lateau , after 4 to 5 half-lives, is directl y related to the 
half-life and to the maintenance dose . When half-life is constant , the 
accumulate d dose i s a function of the maintenance dose. When a 
loading dose i s given, to gain a rapid effect, the l oading dose s hould 
b e appr opriate to the estimated maintenanc e dose . For a 0 . 25 rng 
mai n tenance dose , the l oading dose should be 0.75 mg divided over 
24 hours. Excretion of 0 .25 mg (33% of 0 . 75 ) wil l occur, and the 
total body dose would be 0 . 5 mg without a loading dose, the Sruue 
amount would accumul ate o n 0 . 25 mg/day in 4-5 half- l ives or 1 week. 
If 1.5 mg were given, 1 mg would accumulate. If this was followed 
by 0.25 mg 1 day, the body dose would g radually diminish to 0.5 mg. 
This i s illus tra ted in Figure 25 , and some data from the ori ginal 
study in Table 5. Gene rally, the loading dose s ho uld be three t i mes 
the expected maintenance dose in patients with normal renal f unct i on. 
In atrial fibri l l a t i on and flutter the ventricular response may guide 
the rapy . The non-loading dose method has a l so been found to r educe 
toxicity. These principles are furth e r illustr ated in Figure 26 taken 
from a paper by Bigger in which they are applied to the substi tut i on 
of digoxin fo r digitoxin (80) . One can predict a peri od of t oxi c ity, 
panel A , if one begins digoxin the nex t day s i nce digitoxin excretion 
is slower. If digoxin i s begun 3 days after discontinuation of 
digitoxin, as in panel B, the proble m i s avo i ded . 

... .... t Q~'"" r'J ~ f. ~>Ill ~ " 

~.':-· ;; , : ·;·L . .... . 

(77) 

Tabl e 5 
s~ · , ; , - ,, . IJay ( 'umululirf' Hrft"111iun of J)igur ill aut! .\i. tr:lw!, .. 

\I .ll. 
II.T. 
.·I .J . 
11. ~ 1. 

I'. I'. 
\ l,·;n• :': I ~ I J 

l>i~.:o~ia 
rc:ai 1:r.l ~ 

(n;t;l 

11.71 
o.s.~ 

1..111 
l .~o 
I n :' 

1.()1 ·= n.~~ 

IL !'. 
H \I. 
.II " . 
\ ...... . 
\ . 1. 

'Cnlcubll'd ; \ ~ t.,t .d 7-d . ,~ · dt)"' ' ;,dnliu i ... b·rt ·d lttt l•lh . ltltll lH I I • \ · -d · ·· L 
\\;~-.; l 'OIIn'J"Ic·d hll'qlli\·; d, •rJllllil/ icr.u n'> of di~ox i n. 

{77) 

Sever e r e nal di sease may prol ong the half-·life up to a maximum 
of 4.4 days , and , therefore, the period requi r e d to r each a steady 
s tate plateau to a maximum of about 3 weeks (55) . Dohert y has 
r ecommended that the necessary loadi ng dose be given fo llowed by 
maintenance doses reduced to one- q uarter or one-half o f what they 
would b e in the p r esence of normal renal function (18). It i s possibl e 
to r educe these approximat i ons to formulae. Suggested formulae : 

(1) Men : % dai l y loss = 11. 6 =20 ; (2) Women: % daily loss = 1 2.6 
c 

16 

c 

( 25) 

1• . , .. 

·· ··'· 
I I ' 

1.: -. 
1 •• : •• 

, ..... -: 
I.:>\\· 11 . 
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Fig . 1 . Oigitali5 toxicity resulting from a change from digitoxin to digmun m aintenance. Th e 
hypothetica l pat ient weigh s 90 kg and ha s normal valu es for BUN and s erum crcat ir. t'le hu t a ere · 

e tinine cle ar nnce of 50 mt/mm. He had bee n on d i~itoJt in 0.1 mg / day and had a stcac! y s tate total 
- body glycoside content of 1 .1 mg (12.2 J.! Q/kg) . He wa s switched to an ~quivillen t do~ t! o f d igoxin 

0 .375 mg/day. a do s e th.:Jt ultimately produces an ident ical steady st.;t~ body glyc oside content. 
(A) A daily maintenance dose of digo ,.;in is substituted for digitoxin on day 0 {urrowl. S ince the elim· 

ination half -life of digoxin {2.4 .day) i!> shorter than that of digito.x in (7 .2 day!. the body stores of dig · 

oxin accumulate fa ster than th e decline in body digitox i11 stores.;. Th is leads to an mc r ~as e in total 
body stores that reach n peak v<•lue of 1.64 mg (18 .3 Jl g/ k g ) on day 6 a fter the chang • ~ - T!u:. amount 

of tot al glycoside is very likely to produce clinical to)(icity . N ote that the total body glyL:os idc cont en t 

remains higher :han the ultimate steady state value of 1.1 mg lor longer th<m 3 wk . !0 1 A simple 

method for avoid ing tr ansient toxici ty wh en chang ing frnm maintenance w ith d ig it ox•n to d i~ox in . 
Digitoxin is d isconttnu•~ d on day 0 ;a -; in (A). but n o gl ycoside is given until the third d a"{ whe n m .l ••l · 

tenancc dose:; of di !J OXin <ue be!1un (auow). Th is method avoids the usc o f a co m pllcdted d i ~a ),.n 

dosage schedule, but th e tot ol be lly glycoside con tent neither falls to ineffec tiv e: o :-~ l oLmts nor 

reache s the tox ic 1angc during the tr an sition period. Again. it takes several week s to reach the ultl · 

mate steady sta te valuu to tota l body glycoside. 
(80) 

where c=serum creatinine mg/100 ml. These value s for daily perc ent 
loss multiplied by the loading dose that produced a satisfactory 
therapeutic response gives a reasonable approximation of the proper 
daily maintenance dose (55). 

Formulaes do not take into account patient compliance , absorption, 
bioavailability , altered metabolism and hepatic function so t hat rigid 
adherence to such formulae as well as computer estimates of dosage 
may be quite erroneous inde ed . 

I would summarize as follows: Wherever possible avoid 
rapid , that is , intravenous digitalization. Intramuscular d i gital
ization with digoxin seems to be contra-indicated because of in
e fficency in delivery to the vasulcar compartment . Since the 
average patient with congestive failure took a long time to develop 
t he condition with which he presents, there is no particular benefit 
and much potential harm in revers i ng it instantly. Thus, slow 
digitalization achieving full therapeutic l evels in 4 to 5 half-
lives or approximately a we ek for digoxin would seem adequate in most 
instances. If at the end of this time one has not achieved optimal 
dosage, one can check the serum digoxin level and revise the dose 
upward. It probably continues to make sense to specifically ascertain 
whe ther the patient actually requires diurectics or whe ther the full 
c linical benefit can be achi e ved by utilizing digoxin alone . Where 
intravenous digitalization see ms indicated , this shoul d be done in 
increments. Prior to each incremental dose , check the patient at no 
less than 2 hour intervals, to see if there are signs of intoxication 
or the des ired effect has been achie v e d. With the knowledge that 
the re is a dose response curve, be aware that one is obtaining s ome of 
the de s ired effect with some digoxin. I do not believe that there 
is any contraindication to deliberate l y under-shooting , so to speak , 
and then gradually caroming to a monitored , optimal serum level and 
clinical effect. Final l y , i n this world of potent reliable and 

(26) 
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relatively cheap diuretics there is probably no reason to hesitate 
to use a regimen involving both digoxin and a diure tic. The aim, 
after all, is to diminish cardiac size and thereby reduce myocardial 
oxygen r equirements and to attain the increased efficiency realized 
by a smaller rather than a larger ventricle. Doherty has subtely 
advocated this approach in order to avoid the serious consequences 
of intoxication which we shall consider later on. 

It should be emphasized that a lthough serum levels are, in my 
view , an important aid in problem or difficult cases and that one 
cannot reliably predict them from dosage, there continues to be the 
necessity for careful clini cal observation of the e ffects of the 
drug which one i~ adminis tering and evaluation as to whether its 
optimal effects have been achieved. 

B. Serum Digoxin Levels: Clinical Observation. 

In Table 6, we see the mean serum digoxin levels attained by 
our patients maintained on 0 .125 , . 25 and .5 mg per day and 
compared to those in patients judged clinically toxi c (66) . It is 
c l ear that there were significant d i fferences between the serum 
leve l s seen at each qosage level and that these in turn were 
signfi ciantl y l ess than the mean va lue in toxic patients . The 
accepted upper limit of the therapeutic range i n o ur lab is 2.2 ng/ml . 
As illustrated in the Figure 27, the absorption of a maintenance dose 
of digoxin is sufficient to maintain that given glycoside level 
for a 24 hour period . Note that 24 hours after routine admini strati on 
of a 0 . 25 mg. tablet , the SDL i s equal to the initial pre - adminis 
tration l evel (66) . To measure the "steady state" l evel, one must 

Table 6 Mean serum values for patients on various da ily doses of digoxin (66) 

Number of 
patients 

Mean 
S.D. 
P va lues for 

group comparison 

Figure 27 

14 
0 
0 

56 
0.80 
0.44 

275 
0.93 
0.51 

(.05 

0.25mg DIGOXIN PO- NO DIURETIC 

I"j N=9 

---4 
';::; 85 
0 
~ 80 

~ 75 

HMEAN±so/ 
<( 

a:: 70 

rj ~ 
...J0.5 
0 
<n 

0 ,._.___., 
0 2 3 4 5 6 24 

TIME (hours) (66) 

25 
1.35 
0.47 

( .001 

Intoxication 

34 
3.86 
1.40 

(.001 

(27) 
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either take a blood sample before or at least 6 hours after administra
tion of such a tablet. In contrast to patients who have not previously 
received glycoside, the gradual rise and fa l l in blood level following 
administration of drug is accompanied by some enhancement of digitalis 
effect , in this case measured by the average slowing and then return 
to control of the pulse rate . Indeed in some patients fol l owing the 
administration of larger doses and generally in those who have 
higher levels transient toxic symptoms including transient arrhythmias 
have been observed during the post- absorptive period. (81, 8 l a) Also 
of importance are our observations of the correlation of serum level 
changes and myocardial effects aft er acute administrat i on of an 
intravenou;; dose, (63), Figure 28 . There were i nitially very high 
level s during the p l asma : tissue equilibration phase during which 
onset of myocardi al effect is indicated by the diminution in the 
left ventricular ejection time index . At about 3 to 4 hours the 
myocard i al effect has achi eved its maximum and the serum leve l is 
now turning the corner to the slow excretion s l ope . During subsequent 
observations there was the parallel offset of myocardial effects 
as serum digoxin disappeared. In Figure 29 , the inverse correl ation 
between the myocardi a l effects and the serum b l ood level s during 
the first 4 hours after administrati on of an intravenous dose is 
seen. Thus, measurement of b l ood l evels duri ng plasma tissue: equili 
bration wi l l give spuriously high l evels inversely re l ated to the 
cardiac effect. To avoid false a l arms , one should draw a blood s a mple 
immediately before administrat i on of drug or 6 or more hours after 
administration. These considerations must be taken i n to account 
in any evaluation of studi es of serum l evel s. 

HOURS 

Figure 28 

Mcrm r;olu c:.<; for TJlasma digoxin and simultaneous 
alterations in L'v'E'fl in six patients fo/lou;ed 48 hours 
afte r I mg of digoxin tcm gir;en intravenously. ( 6 3) 
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Figure 29 

Correlation of inclividualplasma digoxin and ~LVETI 
vallles duriug the initial 4 hours jollotcing administra
tion of digoxin. 

(63) 

If one can assume appropriate col lecti on and determination of 
serum digoxin l evel, the principal use of this laboratory test is as 
an aid in the precise regul ation of the digital ized patient . It has 
been estimated that at therapeutic concen trations a patient is 
receiving at least 50% of the toxi c dose , and at toxicity he has 
probably received at least 60% of the l e thal dose (8lb). A careful 
s tudy of 101 patients on chronic maintenance the rapy r evealed that 58 
of 101 had serum digoxi n l evels e i the r below 0.8 or above 2.0 ng/ ml 
(82). About 25% had l e vels higher than 2 ng/ml and over half o f these 
had clinicz l evidence of intoxication when they were further examined . 
It is not possible to estimate accurately the amount of delivered 
digoxin witho ut meas uring the serum dogoxin l e vels. There has been 
some reaction from over reliance upon results of ser um digoxin levels , 
and in fact certain c l ini cians have compl etely rejected the i r value 
(83 l . The o~erwhe lming evidence appears to favor their use for opti
mizing patient management. A fairly large recent study has confirmed 

(28) 
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their utility in general evaluation of the c linical response of patients 
(84) . The serum digoxin levels related more closely to clin i cal 
s tatus than did the dose, body weight , creatinine clearance , and other 
factors . The specific clinical questions that can be largely answered 
by well done serum digoxin measurements are: l) assessment of pati ent 
compliance; 2) identification of absorptive problems; 3) support or 
make very unlikely the diagnos i s of digoxin intoxication; 4) better 
assess pati e nts who cannot give a history; 5 ) disginguis h between 
digoxin and digitoxin; 6) aid the physician in assessing the effec ts 
of a change in dose. 

The serum digoxin levels do relate to the myocardial response 
both after acute digitalization following p l asma: tissue equilibration 
(63) , and afte r alterations in serum levels in chronically maintained 
patients ~~5 , 86 ). The general technique of correlating non- invasive 
measures of inotropic response with the steady state serum digoxin leve l s 
has been particular l y useful in demonstrating this point. 

There has been considerable interest in utilization of known 
pharmacokinetic principles and deriving mathematical and computer 
programs for the prediction of digitalizing and mainte nance doses (87 , 
88). Newer programs have provisions for the feedback of information 
through the compute r of several types'of alterations in the patient's 
status (89). An e xample of a nea t nomogram for this purpose is 
presented in Figure 30 (88) . Some authors have claimed reduction in 
incidence of digoxi n toxicity when such systems are used (87 ). A 
typical recent system depe nds on patients being euthyroid adults with 
normal hepatic function, normal e l ectrolytes and without abnormal ities 
of absorption (88) . Just such limitations lead to computer predictions 
giving gross approximation with the 95 % confide nce limits of one such 
program for pre dicted plasma level of l ng ranging from 0 to 2 .1 ng/ml 
(90) . Thus , the computer programs have generally been demonstrated to 
be i nadequate, and it is to be noted that the serum digoxin l eve l is 
both cheaper and more precise (84). 

Figure 30 
Nomogram for 
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I would be remiss in not mentioning the fact that ther e does 
seem to be an e xcellent linear correlation between serum d igoxin 
concentrations and t hat in the saliva , r = 0.988, p < .001 (91) . 
The salivar y concentration could be u sed to monito r digoxin therapy 
if one ca n obtnin qoocl sa liva , <'xtract it wi~h c hlorofo rm .1 ncl n ·,·,1 ll 
thal the sa l iva: serum r atio was 0. 78 ± . 07 (s uggest i ng that only the 
unbound drug appeared in the saliva) . The K+xca++ index in saliva 
has been tout~d as a means for estimating therapeutic versus t oxic 
serum digoxin concentrations . The r e has not been much corre lation 
of this technique with actua l serum l evel measurements and there 
has been considerable sentiment stating that this t echnique i s im
practical for c linical purposes providing no advantages over d i rect 
serum glycoside measurement (92) . 

C. Apparent a nd Rea l Resistance to Digoxin: 

In •rabl e 7 we have listed the causes of apparent d igoxin 
resistence , or , conditio n s in which the serum levels are low 
relative to the dose presecribed. (93) We have p r eviously d i scussed 
pa tient compliance and inadequate tablets . Heizer and colleagues 
found that pat i ents with various intestinal ma l absorption syndromes 
o ther than pancreatic insufficiency had l ow serum digoxin levels 
and ascribe d this to their intestina l defects. (94) Absorption has 
been found to be unchanged after Billroth l or Billroth II partial 
gastrectomies. (95 ) Changin g from tablets t o elixir cured a patient 
with radiation induced malabsorption. (96 ) Doherty found only slight 

Table 7 
Causes of Appar ent Digitalis Resistance* 

Failure to take digitalis as prescribed 
Inadequate dig italis tablets 

Low digitali s content 
Poor biol ogic avai l ability 

Inadequate intestinal absorption 
Malabsorption 
Interference by other drugs 

Increased metabol i c degradation 
Idiopathic 
Drug- induced 

nigi talis- binding antibodies (rare) 
Thyrotoxicosis 

* Serum levels low relative to digi talis dose prescribed . 

excess ive feca l excr e tion in malabsorption syndromes and conclucled 
that this was a minor bioavailability problem seconda r y to short 
gut transit time (97) . Inte rfere nce b y other drugs was discussed 
under pharmacodynamics as was idiopathic, increased , me tabolic 
degradation (80 ,97a) . I have listed drug induced increased metabo lic 
de grada tion more for the sake of completness because in Table 8 
listing a ll the known interac tions between digoxin and digitoxin 
and o the r drugs it can be seen in the bottom unde r "increased me ta
bo lism" that this is a more common problem with digitoxin (80 ) . 
Digitalis binding antibodi es are rare a nd have been associated wi t h 
digitoxin (98 ) . Recent data would indicate that patients with 
thyrotoxicosi s have increased GFR and shortened disappear e nce time 
r esulting in less then expected serum level s after trea tment (99). 

(30) 
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Table 8 lmer~ctions Betw~en the Cardiac Glycosides Drgoxin or Digitoxin and Oth:~~~ 
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Table 9 Causes of True Digitalis Resistance* 

Supraventricular arrhythmias 
Diffuse myocardial disease 
Infancy 

(80) 

* Relatively high serum digitalis concentration required 
for benef i cial therapeutic effect . 

(31) 
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Hypertrophy of the Na+, K+, ATPase system may be present and require (32) 
more glycoside. But dose adjustment with serum levels as a guide 
usually overcomes any problems. 

In Table 9 are listed the causes of real digitalis resistance, 
or, conditions in which relatively high serum digitalis concentrations 
are required for a beneficial therapeutic effect. Atrial fibrillation 
and other ventricular arrhythmias have long been known to require 
more than the( usual doses for their control and this can result in 
high serum levels which are tolerated. A number of studies have 
demonstrated either rough or poor correlations between resting heart 
rate and serum digoxin levels (100). Nevertheless, Redfors felt 
that the serum digoxin levels were a useful guide to therapy which 
could result in safer · achievement of decreased resting and exercise 
heart rates and improvement in symptoms at an average daily mainte
nance dose of between 0.4 - 0.5 mg/day (101,102). The poor correlation 
between serum digoxin level and heart rate is shown in the next 
series of illustrations 31, 32, 33 for stable chronic fibrillation, 
unstable chronic atrial fibrillation, and acute atrial fibrillation 
(103) . These authors felt that the failure to control the heart 
rate below 100 per minute in atrial fibrillation was especially 
likely when infection, hypoxia, recent thoracotomy, or acute onset 
of atrial fibrillation was the clinical setting : While t hey did 
not observe serious toxicity in patients who had levels above 2 ng/ml 
they felt that the autonomic nervous system and catecholamine 
secretion probably antagonized the effects of digoxin and cautioned 
against pushing digoxin with too much enthusiasm before a) trying to 
treat the underl ying condition, b) utilizing additional anti
arrhythmic agents especially propranolol, and c) attempting cardia
version. 

When planning electrocardioversion in patients with atrial fib
rillation with high serum digoxin levels, even in the absence of 
signs of toxicity, I would allow the level to fall to the range of 
about 1 ng/ml prior to cardioversion. It is very important to 
begin cardioversion with low doses of electricity in order to 
avoid the .production of digitoxic rhythms following conversion. 

Patients with idiopathic cardiomyopathy may benefit with 
additional digoxin and leve ls at or over 2 ng/ml. In contrast , 
patients with amyloid heart disease may show no benefit and may 
show toxic signs at levels below 1 ng/ml (104). Thus, etiology 
of cardiomyopathy may help estimate needed therapy, but careful 
correlation of dose, serum level and response appears to be necessary. 

--Inl:ants-ress ·than one year of age tolerate higher doses of 
digoxin then older children or adults (105,106). Although some 
have questioned whether these high leve l s are necessary or useful 
most pediatricians feel that neonates and infants do require more 
~igoxin for optimal effects. Most cases of reported toxicity 
~n th~s age group have then occured at still higher levels. In 
one such study, the average for a non-toxic neonate was 2.7 ± 1.2 
and the mean for neonates who were toxic was 4.5 ± 2.5 (106). The 
precise mechanism is still incompletely defined. There appears to 
be no measurable a lte r ation in absorption, metabolism or excretion 
(107-112). But, studies on human neonates are sparse. In some 
animal work carried out in Bill Miller's lab in our Dept. of 
Pediatrics, the suggestion was made, in comparing unborn and 
neonatal puppies with their mothers, that there was immaturity 
in the myocardial Na+, K+, ATPase leading to increased digoxin 
requirement for the desired effects (113) . 
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Figure 31 
DIGITALIS AND A TRIAL FIBRILLATION-GOLDMAN ET AL. 
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D. Apparent Sensitivity to Digoxin: 

In Table 10 are presented the causes of apparent digitalis 
sensitivity, or, conditions in which serum levels appeared relatively 
high for the dosage administered. 

T~e recent, unsuspected use of digitalis when the history is 
poor or unobtainable, when patient takes more than pre s cribed, or 
when patients do not realize that digitalis is included in medications 
such as weight reduction pills, may all be important causes of unsus
pected high levels. In Holland a few years ago, a manufacturing 
error led to a massive epidemic of digitoxin intoxication (114). 
Unsuspected chronic use of digitoxin has been a problem since you 
will recall the digoxin serum method detects 9% of it, and the 
physician now administering digoxin may b e confused about the 
actual status . Excessively potent formulations are e xamplified 
by the Holland e xperience I just described, and with digoxin one 
must recall that oral talbets are absorbed less well then elixirs 
or aqueous solutions which in turn provide only 80% o f intravenous 
dose. So that if the physician i ·s shifting modes of administratio n 
he should bear this in mind in order to avoid problems. Remova l of 
an interfering drug from the regimen, or a shift from a less to a 
more bioavailable preparation can also lead to incre a s ed serum levels. 

Table 10 

Causes of Apparent Digitalis Sensitiv ity • 

Recent un suspected use of di ~i t a ll s 

Excessively poten t d•gi tahs formulation s 
Remova l of factors con tributing to high digitalis dosage 

requ irements 
Decreased ren al excretion of digitaliS 

Re nal disease 
Old age_ 

• Serum l e v ~ l s relat ively high for dosage adm inis tered . 

In ~u: ~iscussion of pharmacokinetics of ·digoxin we emphasized 
th~ se~s1t1v1ty of digoxin excretion to the status of renal function . 
~h1~e . 1ncreased u:ine output due to diuretics or nephrogenic diabetes 
1ns1p1d~s . do not 1ncrease excretion, diminutions in renal function 
do sens1t1vly slow the dis appearence time of digoxin. Hemodialysis 
does not alter or remove significant digoxin. Excellent recent 
reviews have det~iled those alterations seen in renal d isease (17, 
18) ~ an~ suggest1ons for dosing were discus s e d previous ly. 
?1g1tox1~ has the fortunate characteristic of not having a change 
1n 1ts d1sappearence time in renal disease so that the dose should 
be _more predictable and constant (13). Nevertheless, Doherty 
po1nts o ut that the excretion time of digoxin in renal disease 
is, when maximally prolonged, roughly equal to that of digitoxin. 
Thus~ th~re_appears t~ be no basic reason for preferring digitoxin 
to d1gox1n 1n renal d1sease provided that the necessary adjust-
ments 1n dosage are made (17). 

( 34) 
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A rather nice s tudy by Ewy and colleagues documented the fact 
that elderly patients not in congestive heart failure with a mean 
age of 77 had, a) d e creased body size and therefore decrea s ed 
volume of distribution when compared to normals and , b) the normal 
decrease in renal function seen with aging (115) . These t wo factors 
combine to slow excretion time and therefo re result in higher serum 
digoxin levels on average doses. This could result in t oxicity. 
The essential data from this study are shown in Figure 34 
demonstrating the significantly slower excretion times in the 
elderly patients afte r the first 24 hours follo wing admini s tration 
of a dos~ of digoxin . In Table 11 are the details of the observed 
alterations in renal function and digoxin clearance . The s e facts 
are critical in the management of elderly patients , and any persual of 
the literature o f digoxin intoxication will readily document the 
e levated mean ages of the victums and the frequent coexistence 
of overt renal dysfunction . 

Figure 
34 
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E. Real Sensitivity to Digoxin and the Question of Di go xin 
Intoxication: 

One of the key issues and frequent sources of disappo i ntment 
i s the prec i sion with which serum levels may identify t oxic patients. 
Early s tudies indicated the likelihood of such a separation (60- 62) , 
but as methods became more precise a real over-lap in values ha s 
persisted between toxic and non-toxic pati ents whi ch has required 
explanation and study (57, ll5a, 116). Recently , the results of 
the test as having any diagnostic importance in toxicity has been 
challenged (117). l'lliile it is possible to explain some of the over
lap data as being probl ems in sampling time o r concomitant drug 
therapy l (ll8) , the recent review of Noble and associates emphasi=es 
some clinical points that are worth repeating (119). l) The diagnosis 
of digitalis intoxication is a clinical , never a laboratory diagnosis 
(Smith and his colleagues have emphasized this from the beginning of 
their ability to measure serum concentrations (57)) . ?) Ther e is 
no optimal serum level of digitalis for any specific arrhythmia or 
for arrhythmias in general (Vincent Butler in particular in lit
erature reviews has often mentioned this and we, or course, list 
supraven~ricular arrhythmias as being a cause of true resistance 

to digoxin (58)). 3) When the levels are in flux prior to their 
equilibration with the myocardium, the test is often mis leading. 
(Even without the inverse correl atibns between myocardial re-
sponse and serum l evels after intravenous digitalization p resented 
by u s in 1970 (63), any one who carefully reviewed the tracer 
studies of Doherty (3) , and the non-invasive studies of Weissler 
and his colleagues (53), would have predicted disparities prior to 
the completion of plasma: tissue equilibration). 

I think it fa i r to state that, for most patients, the higher 
the serum digoxin level the greater the liklihood of toxicity . 
Any g i ven pati ent ' s toxic threshold , as we shall see later, may 
be not onl y unpre dictable, but also variabl e . 

Despite the problems, some interesting data on the value of 
serum digoxin levels to the medical environment is availabl e. 
The data showed a striki'flg difference in digitoxic reac t ions at 
the ~1GH when compared to other hospitals (1 20,121) 

A prospective monitoring of d igoxin toxicity comparing the Brigham 
with the MGH was carried out because of their many similarities 
save for the fact that during that period t h e serum digoxin 
concentration measurement was routinely available at the MGH and 
was only occasionally utilized at the Brigham (and those determina
tions were made at the MGH and usually reported some days after the 
sampl es were drawn) . In the prospecti ve study, dose related adverse 
reactions were confirmed in 1 0% of 272 patients at t h e Brigham and 
in only 4% of 291 patients at the MGH p < .02. Differences in 
digoxin dosage, and of other drugs , patient characteristics, 
or other factors predi spos ing to digoxin toxic ity did not account 
for the different adverse reaction rates. Serum digoxin concen 
trations were mea s ured in more digoxin recipients at the NG H, 40%, 
than at the Brigham , 1 2%, p < . 001 . The mean level s were lower at 
t he MGH, 0.98 ng/ml, than at the Brigham , 1.82 ng/ml, p < . 001, 
reflecting the use of the assay at MGH for therapeutic guidence 
in nontoxic patients. The authors believed that the use of serum 
digoxin assays i n clinical practice could decrease the frequency 
o f adverse reactions to digoxin and improve management as do others 
(l22 ,1 23) . In the past few . years , I think we've had a similar expe -

_rience. 

(36 ) 
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I should like to briefly review the causes of true digitalis 
sensitivity, that is, toxicity associated with relatively low serum 
digitalis levels . Documentation of the sensiti vity of amyloid heart 
disease has been discussed (104) . Others who recurrently get into 
trouble at low levels are elderly patients with severe heart failure 
and often conduction system disturbances (116,118). This milieu 
often includes overt renal dysfunction just to complicate matters. 

\ 
Table 12Causes of True Digitalis Sensitivity* 

Diffuse myocardial disease 
Myocardial ischemia 
Hypoxemia 
Electrolyte abnormalit i es 

a) Hypomagnesemia 
b) Hypokalemia 

* Toxicity associated with relatively low serum digitalis levels. 

Morrison and Killip demonstrated sensitivity during the first 
24 hours after myocardial infarction and then this susceptibility 
subsided (124). ~pme authors agreed (125,126) while others could 
not demonstrate se~s{tivity (127,128) . A number of hemodynamic 
studies indicate that the most extensive infarctions and/or 
cardiogenic shock do not respond significantly to glycosides, 
whereas those with mildest forms of infarction do respond hemo
dynamically (129 , 130). This type of divergent cardiac response can 
lead to excessive administration when empiric criteria are being 
followed. In any case there are electrophysiological studies which 
also show that the ischemic myocardium seethes with the conditions 
necessary for production of re-entrant arrhythmias, and that the 
several electrophysiologic effects of the glycosides would tend to 
aggravate this (131). On the basis of present data, after myo
cardial infarction we avoid the use of glycoside therapy whenever 
possible , but supraventricular arrhythmias occasionally force our 
hand . 

Hypoxia per se appears to sensitize the heart to the effects 
of the glycosides even in the presence of constant serum digoxin 
concentrations below 2 ng/ml, and constant, normal serum postas
siums (132). The threshold of this effect and its clinical frequency 
is not known. 

Hypomagnese mia has been reported as a potential cause of 
digoxin intoxication with usual doses of digoxin (133), but a 
recent study failed to confirm this in toxic patients with SOLs < 
2 ng/ml (134) . This latter study found increased serum magnesium 
in 18% of thei r toxic patients most of whom were uremi c and 
cautioned against routine use of magnesium therapy. 

(3 7) 
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Dr. John Sampson of San Francisco pointed out many years 
ago that hypokalemia enhanced the toxic effects of digitalis 
glycosides. These clinical observations were highly r efined 
by Lown and Levine (74) . Acute human experiments became possible 
with the routine use of hemodialysis. Glenn Lubash in particular 
showed that induced acute hypokalemia in patients who were on 
maintenance glycosides resulted in digitoxic arrhythmias which 
were suppressed by potassium repletion (135). This t ype of 
observation was common in the 50s (136) .Ma rcus (137) infused 
normokalemi« and hypokalemic dogs with digoxin at a constant 
rate unt~l v entricular tachycardia ensued at which time they were 
sacrificed . See Tabl e 13. The hypokalemic dogs required a mean 
of 39% less digoxin for the onset of ventricular tachycardia and 
the mean myocardial concentration in hypokalemic dogs at the time 
of toxicity was 35% l ess than the controls. The mean rate of 
myocardial uptake of digoxin was no different for the two groups . 
This was interpre ted to demonstrate that the heart was truly sen
sitive to smaller doses of digoxin under hypokalemic conditions. 

on 
The 

Table 

13 

In a recent well planned study from Scandinavia, pati ents 
maintenance digoxin were deliberately made h ypokal e mic (138) . 

appearance of hypokalemia with constant serum digoxin levels 
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lead to signs and symptoms of digoxin intoxication. In Figure 35, 
changes in the intra -/extracellular potas sium gradients in t he 
ten patients are plotted. The upper panel sho1•s the myocardial 
potassium gradient calculated on the assumption of an unchanged 
intracellular potassium concentration, and the lower panel shows 
the potassium gradient for the whole body. By their calculations 
the changes in gradient affecting the heart 1•ere much more 
severely altered than the total body gradient. Six of 12 patients 
developed cardiac arrhythmias fulfilling the criteria of digitalis 
to~icity . This would seem to satisfy a raging argument published 
in Lancet in 1975 (139) stating that hypokalemia did not enhance 
digitalis toxicity which had been challenged by some of our data 
(140). In Table 14, we present data from our own experience 

· collected in the following manner. Patients presenting with 
acceptable electrocardiographic criteria for digitalis intoxication 
(and these are outlined in Table 15 adapted from Smith) had 
measurements of serum digoxin concentrations , electrolytes and 
BUN, and electrocardiograms documenting their arrhythmia. Of 79 
patients, 55 were normokalemic and 24 hypokalemic. There were no 
significant differences in their. age, BUN or in type of arrhythmias. 
The expected significant difference in potassium is obvious and 
the mean and standard errors for the digoxin concentrations in 
each group were significantly different . These data demonstrate 
the enhancement of digitalis sensitivity by hypokalemia and provide 
one explanation for some of the overlap reported be tween toxic 
and nontoxic patients. Patients with similar degre es of hypo
kalemia not taking digoxin did not demonstrate the s e arrhythmias. 

The problem of intoxication is a complex one with many factors 
operative, inclu9ing those listed as causes of true sensitivity 
and others as yet unrecognized. We look upon the serum digoxin 
level as a powerful aid in clinical management which can be an 
aid in gauging a patient's sensitivity to glycosides when correlated 
with observations of the myocardial response. Since toxic symptoms 
are commonly non-specific and the conditions for arrhythmia 
production complex and variable, we do not expect a certain serum 
level to differentiate , by itself, toxic from non-toxic patients. 
It can be an aid in the appropriate clinical setting , in diagnosing 
toxicity . In an older study, carried out in Baltimore before ~~e 
days of human research review committees, a group of patients 
were serially intoxicated with several digitalis preparations (141). 
The essence of that study showed that there was no consistant 
manner in which a given preparation produced its first signs of 
intoxication, and that there was no consistent manner in which 
a given patient responcl.ed to toxic amounts of the glycosides 
though parenteral administration was associated with fewer GI 
symptoms . Most interesting data of manifestations o f toxicity 
from the 170 odd digitoxin intoxications occurring a fter a ~anu
facturing e rror in the Netherlands i s presented in 'fables 16 , 17 
and 18 (142). The complaints listed were well associated with t h e 
mass digitoxin intoxication . It is easy to see how nearly all of 

(39) 
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Duration of the Compl aints after Cessatio~ of the Faultily 
Composed Tablets in 1 60 Patients Table 16 

No. o f weeks .. . . .. -1 -2 -3 - 4 -5 - 6 -7 - 8 - 9 

No. of patients . . .. . . 22 44 46 24 6 11 4 1 1 

(114) 

Symptoms o f 179 Patients with Digitoxin Intox icat i o n 

Per centage 
Table 17 Symptoms 

-10 

1 

Positive Negative 

Fatigue 
Visual complaints 
Muscul a r weakness 
Nausea 
Anorexia 
Psychic complaints 
Abdominal pains. 
Di zz iness 
Dreams 
Headache 
Diarrhoea 
Vomiting 
Retrosternal pains 

95 
95 
82 
8 1 
80 
65 
6 5 
59 
54 
45 
41 
40 

9 

(114) 

5 
5 

18 
19 
20 
35 
35 
41 
46 
55 
59 
60 
91 

(41 ) 
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Separate Disturbances in Rhythm or in Atrioventricular Conduction 
Observed on Electrocardiograms of 48 Patients with Digitoxin 
Intoxication 

Sinus arrhythmia 
Sino-auricuiar block 
Sinus bradycardia 
Coronary sinus rhythm .. 
Supraventricular tachycardia 
Atrial tachycardia with block 
Atrial fibrillation 
Atrial flutter 
Atrial extrasystoles 
Atrial bigeminy .. 
Nodal rhythm 
Nodal tachycardia 
First-degree block 
Second-degree block 
Total block . . 
Changing A.V. conduction 
Wenckebach phenomenon .. 
Ventricular bradycardia with atrial fibrillation 
unifocal ventricular extrasystoles 
Multifocal ventricul ar extrasystoles .. 
Ventricular bigeminy .. 
Ventricular tachycardia 

Table 18 

(114) 

them can be confused with generalized signs and/or symptoms of 
disease. 

In Table 19, is a comparison of data from a consecutive 
series of normokalemic patients with initially elevated serum 
glycoside levels who were studied on a daily basis and classified 
according to presence or absence of digitoxic arrhythmias dis
appearing after withdrawal of glycoside and within 24 hours of 
return of the serum glycoside level to 2 or less ng/ml. There 
were no significant clinical distinctions in age, renal function, 
or serum potassium . Serum digoxin was higher in those with 
arrhythmias and the time for normalization of serum digoxin 
level, that is for it to drop to 2 or less ng/ml was longer. These 
differences were not accounted for by the incidence of atrial 
fibrillation. The percent of hospital deaths in the two groups 
was strikingly different but not significant by chi square analysis. 
Some, bu~ not all , of the patients without arrhythmias had nausea 
and/or vomiting. Based on this series, the Specificity of SDL 
was 62% and the Predictive Accuracy was 38% for the diagnosis of 

--toxicity in normokalemic, high level patients. 

In Table 20, are data during and after disappearance of 
arrhythmia in initially hypokalemic patients. This is the reverse 
of Steiness and Oleson's (138) experiment and demonstrates that 
disappearance of arrhythmia was associated with potassium repletion 
with, in most cases, relative constancy of SDL. 

(42) 
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Finally, I'd like t o shO\v Table 21 which contains data from 
2 or 3 episodes of high SOLs in 7 patients for a total of 16 
episodes only 3 of which were associated with arrhythmia. 
Arrhythmia occurred no more than once in any given pati en t. In 
the nex t figure (Figure 36) , is an illustrative case. Th is man 
had 3 separate episodes of high levels and a digitoxin arrhythmia 
only once. My conclusion is that since all of the heart diseases 
in which glycosides are used form a continuous spectrum of severi ty 
and, at each point in the spectrum, susceptibility to arrhythmia s 
will depend on the inte r play of multiple factors, there is no 
r eason to expect that any arbitrary serum glycoside level would 
independently distinguish toxic from non-toxic patients. I hasten 
to add that this in no way diminishes the value of well done SOLs 
in patient management as well as one of the points to be considered 
in finding actual toxicity. 

Table 21 Data from 16 discrete episodes of se rum digoxi n 
level elevations ( >2 ng/ml) in 7 pa ti ent s . 

Patient Cardiac Ar rhythmia Present Arrhy thmia Absen t 
No. Rhythm Serum K+ SDL Se rum K+ SDL 

1 AF 4.4 4. 21' 4 . 4 5.2 

2 ST 3 . 6 2 . 8t ~ . 7 2.3 

3 AF 4.5 3. 9:1= 5 . 0 
4 .0 5.0 

4 ST 5 .1 2 .6 
3 . 9 
2 . 7 

5 ST 2 .9 3 . 2+ 
3.1 

6 ST 4 . 8 3 . 2 
5 . 5 4 . 4 

7 AF 4 . 6 
6 .1 5 . 9 

Nean Val ues 4 . 17 3.63 4 . 69 3 .93 

AF ~ a trial fibrilln t ion ; ST = sinus t achyca r di a 

* AF a t 46/min: t ST wit h 2:1 A-V Block af t e r caro tid massage 

:1= AF at 40 with 3" pa uses ; + High SDL and hypok a l emia 

(4 5) 
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F. The effect of digoxin spec i fic antibodies and fab fragments on 
pharmacokinetics and on the reversal of the effects of digoxin 
including digoxin poisoning: 

A very exciting literature has been developing concerning the 
effects of specific antibodies on pharmacokinetics and on reversal 
of glycoside effects (144-148) . Figure 37 shows the difference 
between the whole antibody and the fab fragment resulting from 
papain digestion. The kinetic >Jt:uaies clearly show that either 
form of these antidigoxin compounds can specifically bind the 
glycosides and remove them from tissues. The bulk of the 
glycoside is then in bound form in the vascular compartment and 
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inactive. The total antibody with a molecular weight of about 
150,000 is slowly excreted and degraded so that the disappearance 
rate of the whole antibody complex is slow. As the antibody 
molecule becomes metabolically degraded, a portion of the bound 
digoxin is re-released into the circulation. The smaller fab 
fragments, molecular weight 50 , 000, are excreted quite rapidly and 
take the bound digoxin (and the same trick can be done with digi
toxin) with them at a rapid rate. Although imrnunogenicity to 
either of these compounds has not occurred in animals, it seems 
more likely that the entire antibody would be more immunogenic 
than the fab fragment (149). In the April 8, 1976 issue of 
the New England Journal of Medicine , Smith and his group reported 
the first instance in a patient of reversal of digoxin poisoning 
by utilization of sheep fab fragments (150) • Sequential electro
cardiograms from this paper are shown in Figure 38, demonstrating 
the prelethal arrhythmia which was present when the temporary 
pacer was turned below threshold, and then the progressive 
improvement during and following the infusion of the fab fragments 
which bound the digoxin. The kinetic data is shown in Figure 
39. It should be noted that free digoxin concentration in serum 
dropped to low levels by the time the first post-treatment serum 
sample was obtained in 1 hour, and remained at levels below 1 ng/ml 
through 9 hours after which only levels below 2 ng/ml were recorded. 
A sharp rise occurred in total serum digoxin concentration from 
176 ng/ml immediately before infusion to 223 ng/ ml one hour 
after fab infusion was started. Despite a continuing rise in 
sheep fab fragment concentration from 60 mcg/ml at one hour to 98 
at 2 hours, total serum digoxin plateaued at values of 223 and 226 
ng/ml, r espectively, and remained at about that level for 12 hours 
after infus ion when an exponential decline with a half-life of 
20 hours began and extended through 56 hours. The peak concen
tration of sheep fab fragments in the patient's serum occurred 
at the completion of the infusion and declined rapidly, at first 
reflecting distribution through the extracellular space , then more 
slowly, presumably , reflecting both excretion and catabolism. 
No detectable sheep fab fragment concentrations were present in 
serum samples obtained 9 and 21 days after treatment. Antibodies 
to sheep fab fragments could not be detected by a sensitive 
hemagglutination method in samples of the patient's serum obtained 
1, 3 and 4 weeks after treatment. Urine collections documented 
substantial renal digoxin excretion which was as high as 969 
ng/ml during the initial 24 hours of observation . Initially 
after the beginning of the fab infus ion and 6 hours later, 
there were undetectable amounts of free digoxin in the 
urine while the total digoxin was 155 to 660 ng/ml indicating 
that the digoxin was excreted by the kidney bound to the specific 
fab fragments. Subsequently , the fraction of total urinary dig
oxin present in the free state increased gradually to 100% by 
30 hours after fab infusion. These data a re consistent with the 
time course of fab excretion in the urine as measured by radio
immunoassay. Initial urinary fab concentrations after administration 
were as high as 42.5 mcgms/ml falling to less than 2 mcgm/rnl in 
the urine sample collected 30 to 52 hours after fab infusion. 
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This remarkable achievement is now applicable also to 
d i gitoxin (Smith et al: unpublished reversal of toxicity in dogs). 
This could readily be applied by these sophisti cated laboratories 
to other glycosides as well and holds great promise for the treatmen~ 
of severe g lycoside poisoning. This vexing, unpredictable problem 
has been successfully managed with pacemaker therapy and with 
reduction in the toxic elevations of serum potassium which can occUY, 
but has resulted in death in a number of profoundly poisoned patients 
who have developed unmanageable hyperkalemia and unresponsive 
heart block (151 - 154) . Various forms of AV block are much more 
common in those poisoned patients who had normal hearts whereas 
ectopic ventricular arrhythmias tend to occur in those pati ents 
who have underlying heart disease (155 ,156). 

In summary , Digoxin 1977 is more exc i ting than ever before 
as a result of the collaborati ons between basic and clinical 
scientists which I have attempted to describe. 
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