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EDUCATIONAL
OBJECTIVES (79/80)

Appropriate knowledge to man-
age a chIld with congestive heart
failure wIth proper use of newer
diuretics.

ApproprIate knowledge to as-
sess the possibility of digitalis
toxicity In a child with heart dIs-
ease.
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Cardiac Failure

Richard E. L. Fowler, MD

Congestive heart failure is an al-
tered state of circulatory dynamics
resulting from an imbalance be-
tween the demands by the body for
blood flow to meet its metabolic
needs and the ability of the heart to
meet those demands. The imbalance
may be created in several different
ways (Fig 1 ). The demand for car-
diac output may be greatly in-
creased in situations such as large
intracardiac or extracardiac left-to-
night shunts, valvulan insufficiencies,
hypermetabolic states, or fluid over-
load (Table 1 ). A demand for abnon-
mally high pressure generation may
be imposed by obstructive lesions of
the outflow tracks of the left or right
ventricles on by elevated resistance
to blood flow in their attached blood
vessels. An unbalanced state may
also be produced by inability of the
myocardium to meet normal de-
mands when the myocardium has
been damaged by inflammation (my-
ocarditis), metabolic abnormalities
(cardiac glycogenosis), fatigue or
dysrhythmias (tachyarrhythmias,
heart block), nutritional deficiencies
(ben-ben, starvation), on toxins
(diphtheria, alcohol). Still other
causes of inadequate myocardial
contractility are electrolyte distur-
bances (hyper- on hypokalemia),
drugs (doxorubicin [Adniamycin]),
muscular degeneration (muscular
dystrophy), or coronary artery dis-
ease (congenital abnormalities, Ka-
wasaki’s disease). In each instance,
the physician’s task is to restore the
needed equilibrium by reducing the
demands upon the heart or by im-
proving the myocardium’s ability to
respond.

PATHOPHYSIOLOGY

Cardiac output is normally gov-
erned by a complex sequence of
interactions. Venous return to the
heart may be viewed as the loading
force on preload and resistance to
outflow from the ventricles as the

aftenload (Figs 2 and 3). The well
known Frank-Starling law of the
heart states that myocandial contrac-
tility will, within limits, be increased
by fiber lengthening, which can be
equated in the intact heart with in-
crease in preload. Beyond the point
of maximal response to progressive
increase in fiber lengthening, the
myocandial response becomes pro-
gressively more inefficient. Cardiac
failure is the clinical expression of
this deterioration of the stimulus-ne-
sponse mechanism.

Cardiac output sensed as made-
quate by body tissues will call forth
responses designed to alleviate the
problem (Fig 4). Renal responses
consist of a decrease in renal
plasma flow and glomerulan filtration
rate with resulting diminished excre-
tion of sodium and water. Extracel-
lulan fluid volume expands, elevating
the preload and stimulating an in-
crease in cardiac output. Increased
antidiunetic hormone production is
probably an additional factor in ex-
tracellulan fluid expansion as is in-
creased production of aldosterone.
Stimulation of volume receptors by
the inadequate cardiac output trig-
gens sympathetic nervous system
activity with resulting tachycandia
and constriction of peripheral blood
vessels. An apparent hypenmeta-
bolic state results from the increased
myocardial work load, diminished
myocardial efficiency, increased ox-

ygen utilization, and sympathetic hy-
peractivity.

If the responses of the heart are
inadequate to permit a new equilib-
rium to be reached between demand
and requirements for blood flow,
overt cardiac failure results.

MANIFESTATIONS

In chronic cardiac failure, general
effects upon the child are those pro-
duced by any state of chronic poor
health (Table 2). The child is likely
to be irritable, unhappy, and lethan-

Dr. Fowler is Professor and Head of the De-
partment of Pediatrics, Louisiana State Uni-
versity School of Medicine in New Orleans.
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CARDIAC FAILURE

Normal

Low Output
Cardiac
Failure

Body Needs

Fig 2. Increased preload (arrows) from elevated venous pressure stimulates increased

cardiac output if myocardial reserve is available.

Fig 3. Aortic and pulmonary arterial pressures (resistance x flow) constitute the afterload
(reverse arrows). Vasodilator therapy can improve myocardial performance by reducing the

afterload.
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High Output
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Output
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Fig 1 . Cardiac failure results when cardiac

output is insufficient to meet body require-
ments whether because of inability of the
heart to meet normal demands or because of
requirements that have increased beyond the

ability of the heart to compensate.

TABLE 1. Causes of Cardiac
Failure

Demands for increased cardiac output
Left-to-right shunts
Valvar insufficiencies
Hypermetabolic states
Fluid overload

Demands for increased pressure genera-
tion

Aorticor pulmonary stenosis
Coarctation of aorta on pulmonary ar-

tery
Aortic on pulmonary hypertension

Decreased myocardial function
Myocarditis
Metabolic abnormalities
Dysrhythmias
Nutritional and toxic insults
Electrolyte disturbances
Myopathy
Coronary artery disease
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venous edema)
pressure)

Fig 4. Pathophysiologic mechanisms in cardiac failure. Findings resulting from the altered
physiology are shown in parentheses.

TABLE 2. Manifestations of
Cardiac Failure

Symptoms
Irritability
Lethargy
Poor appetite
Easy tiring

Signs
Tachycardia
Tachypnea, retractions, rales
Cardiomegaly
Hepatomegaly
Excessive sweating
Edema

CARDIOLOGY
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gic. Appetite suffers and true weight
gain is impaired although this devel-
opment may be initially obscured by
the retention of salt and water and
become obvious only after diuresis
has occurred. Exercise tolerance is
reduced; this is often manifested in
infants by their tiring during feed-
ings. The sympathetic nervous sys-
tern stimulation is revealed by tachy-
cardia, pallor, and increased sweat-
ing. The sweating is particularly
striking in young infants and may be
noted by the mother because of the
drenched pillow observed after the
afternoon nap.

Physical examination reveals, in
addition to the general findings,
tachycandia and tachypnea. Obvious
edema is rare, particularly in infants,
unless the failure is long-standing in
nature. Edema in infants should be
sought in the eyelids and sacral area
rather than the lower extremities be-
cause of their predominantly honi-
zontal rather than vertical life style.
The heart is generally enlarged al-
though congestive failure can occur
in rare instances without cardiomeg-
aly, eg, in constrictive penicanditis or
subdiaphnagmatic anomalous pul-
monary venous return. The pnes-
ence of heart murmurs does not de-
termine the existence of heart failure
but may direct attention to a more
careful search for evidence of fail-
ure. Failure may be predominantly
right sided or left sided but fre-
quently presents signs associated
with both. Enlargement of the liver is
common but may be difficult to dis-
tinguish from the depressed liver as-
sociated with diaphragmatic flatten-
ing secondary to oveninflated lungs.
This confusion is particularly likely
to occur when infants with congeni-
tal heart disease contract bronchiol-
itis or other respiratory infections as-
sociated with air trapping. Venous
distention is difficult to recognize in
infants because of their short, fat
necks which obscure the jugular
veins. A gallop rhythm is frequently
present but may be confused with
the mid-diastolic flow murmur across
the mitral valve in a child with a large
left-to-right shunt or dilated left ven-
tricle. Pulmonary edema also occurs

frequently but confusion is easy be-
cause of the frequent coexistence of
respiratory infection. A chest roent-
genogram may help to resolve this
confusion but the only safe ap-
proach may be to treat the patient
simultaneously for respiratory infec-
tion and cardiac failure.

MANAGEMENT

Management of the infant or child
in congestive heart failure must be
approached with both short and long
range goals in mind. The short range
goals are to preserve the child’s life
and to relieve his discomfort expe-
ditiously. The longer range goals are
directed at preventing recurrence of
the problem and removing, if possi-
ble, the underlying cause of the fail-
ure.

An initial assessment of the sever-
ity of the failure must be made to
determine the aggressiveness of the
therapeutic approach. A child in

acute, severe failure with cardiovas-
cular collapse should clearly be ap-
proached somewhat differently from
the child in low-grade, chronic fail-
ure whose chief manifestations are
irritability and hepatomegaly. The
therapeutic agents are, however, in
general the same.
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Digitalis

The basic rules for digitalization
laid down by William Withering in
1 785 are still pertinent though
somewhat refined. He suggested
that the medication ‘ ‘ be continued
until it either acts on the kidneys, the
stomach, the pulse, or the bowels;
let it be stopped upon the first ap-
pearance of any of these effects.”

The therapeutic effects desired in
administration of digitalis are those
on the pulse and kidneys while the
effects on the stomach and bowels
reveal the onset of toxicity. Currently
used preparations are the purified
glycosides which, when used care-
fully, are usually capable of produc-
ing the desired effects without evi-
dence of toxicity. Although a number
of glycosides are available, those
favored for pediatric use are digoxin
and, less often, digitoxin. All digitalis
derivatives share with their parent
compound the ability to improve
myocardial contractility. The mech-
anism of action at the myocardial
level is still unclear although inhibi-
tion of the sodium pump mechanism
at the sarcolemma cell membrane
has been documented. Redistnibu-
tion of sodium, calcium, and potas-
sium ions relative to the cell wall has
a role in both the therapeutic and
toxic effects of the drug.

Pharmacodynamics

Digoxin administered orally is ab-
sorbed somewhat variably: 65% to
85% for the frequently used Lanoxin
Pediatric Elixir and 50% to 75% for
the tablet. Peak serum concentra-
tion is reached within one hour when
the rapidly absorbed liquid prepara-
tion is used and somewhat later (up
to three hours) when the tablet is
administered. Serum concentration
cannot be equated with therapeutic
action, probably because it is the
tissue-bound fraction of the drug
which exerts the beneficial effects.
Administered intravenously, the
drug begins to act within five to ten
minutes and reaches maximal effect
in one to two hours. After intramus-
cular injection, action is detectable
within 30 minutes and becomes

maximal in four to six hours. After
oral administration, effect begins in
one to two hours and reaches a peak
in six to eight hours.

Despite the fact that digoxin is
only 20% to 25% bound to plasma
proteins and is excreted predomi-
nantly by the kidneys, it is not effec-
tively removed from the body by
either dialysis or exchange transfu-
sion. About 35% to 40% of accu-
mulated digoxin is excreted daily
when renal function is normal and as
little as 1 4% when the patient is an-
uric.

Digitoxin differs from digoxin by
its slower onset (two to six hours)
and longer duration (ten to 1 4 days)
of action. Absorption from the gas-
trointestinal tract is essentially com-
plete. It is primarily metabolized by
the liven rather than excreted by the
kidneys.

Administration and Dosage

Although laboratory measurement
of the serum level of digoxin has
become widely available in recent
years, digitalization of each patient
must still be considered a carefully
monitored therapeutic experiment.
Dosage recommendations should be
taken as a rough guide designed to
indicate a level that will usually pro-
duce therapeutic effect without tox-
icity. In any individual patient, how-
even, the variables of absorption, ex-
cretion, and individual susceptibility
to both therapeutic and toxic effects
should dissuade the physician from
overconfidence on a casual ap-
proach to therapy.

Dosage requirements are propor-
tionately greater in infants than in
older children except for newborn
and premature infants who may be
less tolerant of the drug. Sensitivity
may also be encountered in cases of
myocanditis of any etiology, severe
anemia, and during the first 48 hours
following open heart surgery. Be-
cause of its high degree of absorp-
tion, digitoxin is administered in the
same dose orally or parenterally
while the panentenally administered
dose of digoxin must be decreased
about 25% from the oral dosage.

An electrocardiogram must al-
ways be obtained as a baseline at
the beginning of digitalis therapy.
Comparative tracings should be ob-
tamed following administration of
50% or 75% of the calculated digi-
talizing dose and repeated shortly
before each successively adminis-
tened dose to search for evidence of
digitalis effect or toxicity. Changes
resulting from digitalis administra-
tion include flattening or inversion of
the T waves followed on accompa-
nied by a shift in the ST segment in
the same direction. When this alter-
ation in ST segment configuration
encroaches upon the ‘ ‘J’ ‘ point, on
junction of the QRS complex with
the ST segment (Fig 5), caution
should be observed in the adminis-
tration of further doses. The same
caution should be observed if the PR
interval lengthens 0.04 second or
more over that of the control tracing
in the presence of a comparable
heart rate (the PR interval is directly
related to the heart rate). It should
be emphasized that clinical digitali-
zation cannot be diagnosed by elec-
trocardiographic changes; the
changes described above may fol-
low the administration of amounts
of digitalis preparations inadequate
to accomplish the desired therapeu-
tic results. Electrocardiographic
changes do, however, document
that digitalis effect is occurring and
point out the need for careful clinical
reassessment and possible ascen-
tainment of the digitalis blood level
if the response is unsatisfactory.

Evidence of early digitalis toxicity
may be overlooked, especially in in-
fants. Whereas vomiting is relatively
infrequent when purified glycosides
are utilized for digitalization, nausea,
revealed by loss of interest in feed-
ing, is more frequent. The child may
also appear weak and apathetic.
More specific evidence of toxicity is
derived from rhythm disturbances
which may be found either on careful
physical examination or on electro-
cardiographic tracings. Severely ill
children should have continuous
electrocardiographic monitoring to
permit early recognition of rhythm
disturbances. Although almost any
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type of rhythm abnormality can be
produced by digitalis intoxication,
supraventniculan irregularities are
most common. Accelerated rhythms
such as supraventriculan tachycar-
dia, particularly with partial atnioven-
tricular block, junctional tachycar-
dias, and even ventricular tachycar-
dia on fibrillation may occur (Fig 5).
Conversely, bradycardias, depen-
dent upon interference with atnio-
ventricular conduction, may develop
secondary to either second or third
degree heart block. Supnaventnicu-
Ian premature beats and other minor
irregularities have been considered
by some writers as evidence of dig-
italis toxicity in newborn, and pantic-
ularly premature, infants, but it
should be recognized that these
rhythm disturbances are frequently
present in such infants not receiving
digitalis.

The value of serum digoxin levels
is subject to some degree of debate.
Their value is most evident when the
question of possible digoxin inges-
tion arises or when patient compli-
ance relative to prescribed digoxin
is an issue. Since the therapeutically
active glycoside is that which is
bound to the myocardial fiber rather
than that in the serum, the correla-
tion between serum levels and drug
activity might not be expected to be
completely reliable. Nevertheless,
certain correlates have been estab-
lished. In the adult, the likelihood of
toxicity rises rapidly when the serum
level of digoxin exceeds 2 ng/ml of
blood. Infants cleanly tolerate a
higher serum level-in the range of
4 to 5 ng/mI-before toxicity is en-
countered. Children are intermedi-
ate in their response to the drug but
the level of toxicity is probably about
3 ng/ml. Again it should be empha-
sized that considerable individual
variation occurs and toxicity may de-
velop at a much lower level in any
individual child.

An additional valuable use of di-
goxin serum levels emerges in the
child with renal failure who must re-
ceive digoxin. Since the drug is elim-
inated primarily by the kidneys, daily
excretion of digoxin can be esti-
mated by the creatinine clearance

and ranges from 1 4% of the total
body load in anunic patients to 34%
in patients with normal renal func-
tion. The daily replacement dosage
of digoxin may therefore be esti-
mated, but frequent measurements
of the serum level are highly desira-
ble as a check.

With the preceding considerations
in mind, digitalization may be under-
taken in a number of different ways.
If the child is not severely ill and
time is not a critical factor, slow dig-
italization by daily administration of
the calculated maintenance dose
may be desirable because of its
safety. This method will result in a
steady state equilibrium in five to
seven days. If the degree of illness
requires a more aggressive ap-
proach, the calculated total dose
may be given in one to four fractional
doses during the first eight to 24
hours. Under these circumstances,
intravenous administration is proba-
bly desirable although the intramus-
culan method can be used. Consid-
enable discomfort attends the intra-
muscular administration of any al-
coholic preparation. A commonly
utilized regimen involves administra-
tion of one half the calculated total
dosage immediately, followed by
one fourth of the total dosage at
intervals ranging from two to eight
hours, depending upon the degree
of urgency. Electrocardiographic
monitoring and careful clinical as-
sessment of response will guide the
decision as to whether to administer
additional fractional doses beyond
the original calculated total. Six
fourths of the calculated total dose
should probably never be exceeded.

Table 3 provides a rough guide for
initial calculations. The philosophy
may be either to calculate a rela-
tively large total dose and approach
it fractionally on to calculate a rela-
tively small total dose with the ex-
pectation that it may well need to be
exceeded to obtain a satisfactory
therapeutic result.

The maintenance dose of digoxin
is 25% to 33% of the effective digi-
talizing dose. It may be administered
as a single daily dose, but, particu-
larly in infants, is often given in two

Digitaliseffect Note sharply inverted
I �ves and 2 mm downward displacement
of J

Digitalis toxIcity: Note arrhythmia corn
of frequent premature beats, primarily
ventricular in origin.

I I I� �l I � I I .1� .

Digitalis toxlcity Note 21 atrioventricular
conduction block, atrial tachycardla,
and SI-I digitalis effects.

Fig 5. Digitalis effect and toxicity.

divided doses to achieve less fluc-
tuation of the serum level.

Digitoxin may be used orally or
parenterally in the same loading
dose as the parenteral schedule for
digoxin, but the maintenance dose
should be only 10% of the effective
digitalizing dose. It should be noted
that digitoxin blood levels are not as
widely available as digoxin levels.
The two are not interchangeable and
the level of the glycoside desired
must be specified. Therapeutic
levels of digitoxin are considerably
higher than those of digoxin.

Diuretics

Development of potent diuretic
agents over the past two decades
has markedly improved the ability of
the physician to deal with congestive
heart failure. Three classes of di-
unetic agents are currently in vogue:
the thiazides, the aldosterone antag-
onists, and the potent high-ceiling or
loop diuretics, furosemide and eth-
acrynic acid.

The thiazides, or benzothiadiazine
family of diuretics, are moderately
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TABLE 3. Estimated Dosage of Digoxin (pg/kg except >12 years)

.
Age (Weight)

Initial Digitalization .
Maintenance

On I
aParenteral Oral

Newborn to2wk
2wkto2yr(l3kg)
2to5yr(13-l8kg)
5 to 12 yr (18-36 kg)

25-40 30-50
40-60 50-80
25-40 30-50
25-35 30-45

10-20
15-25
10-20
10-15

>12 yr (>36 kg) 1.0-1.5 mg 1.0-2.0 mg
total dose total dose

0.125-0.5 mg/
day,

avg 0.25 mg

3 6. Actions of the commonly used diuretic agents on the renal tubule are shown diagram-
matically by thickened tubular walls representing interference with normal transport of Na�,
Cl-, K�, and H�. The loop diuretics act primarily to block reabsorption of Cl and Na� in the
ascending limb of the loop of Henle. The thiazides have the same action primarily in the distal
convoluted tubules. The potassium sparing agents, spironolactone and triamterene, act pri-
manly to block the exchange of Na� for H� and K� in the distal tubule.
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active compounds which exert their
effect by blocking renal tubular
reabsorption of electrolytes, pniman-
ily in the distal convoluted tubule
(Fig 6). Increased urinary loss of so-
dium, chloride, potassium, water,
and some bicarbonate result from
this action. The loss of potassium is
particularly important as a side ef-

fect since metabolic alkalosis and
potentiation of digitalis effect with
possible onset of toxicity may occur.
To prevent these developments,
supplemental potassium must al-
ways be administered orally when
thiazide or loop diuretics are given
except when the aldosterone antag-
onists are added. Chlorothiazide is

administered in a dose of 25 to 40
mg/kg/day; hydrochlorothiazide is
given in about 1 0% of that dosage.

The aldosterone antagonists are
often a valuable addition to therapy
when refractoriness to management
appears to have developed. Spi-
ronolactone and tniamterene have
differing modes of action but both
interfere with reabsorption of sodium
and promote conservation of potas-
sium in the distal renal tubule. Spi-
ronolactone acts as a competitive
antagonist of aldostenone while
tniamterene directly interferes with
sodium-potassium exchange at the
tubular cell level. Both are weak di-
unetic agents alone and must be
combined with other more potent
drugs. Potassium supplementation
is not usually required when one of

these drugs is added to the thera-
peutic regimen, and, in fact, one

must be alert ton the possibility of
hypenkalemia. Spinonoiactone is
given in a dose of 1 to 3 mg/kg/day
in divided doses, tniamterene in
doses of 2 to 4 mg/kg/day. Tniam-
terene acts more rapidly-within
hours-than does spinonolactone
which may require two on three days.

Both furosemide (Lasix) and eth-
acrynic acid (Edecnin) are very po-
tent diuretics which exert their ac-
tions primarily along the ascending
limb of the loop of Henle. Their char-
actenistics are shown in Table 4.
When administered intravenously, in
a dose of 1 to 2 mg/kg, they act
very rapidly with onset of diuresis
within about five minutes and peak
effect within 30 to 60 minutes. Intra-
venous administration is best re-
served for severely ill patients with
pulmonary edema. Oral administra-
tion results in onset of action within
30 to 60 minutes, peak effect within
two hours, and duration of action six
to eight hours. The oral dose is usu-
ally 1 to 2 mg/kg and may be given
one to four times pen day. Because
of their potency, side effects of these
agents may be troublesome. Exces-
sive diunesis may result in dehydna-
tion and hypotension from contrac-
tion of blood volume. In patients re-
ceiving digitalis, intoxication may be
precipitated by potassium depletion.
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TABLE 4. Loop Diuretics (Furosemide, Ethacrynic Acid)

Time of Action
Method of _____________________________________________

Administration Onset Peak Duration

Intravenously <5 mm 0.5-1 hr 2 hr
Orally 0.5-1 hr 2 hr 6-8 hr
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Hyperunicemia may sometimes ac-
company diuresis and, in suscepti-
ble individuals, attacks of gout may
occur. Coma may develop in pa-
tients who have ascites and liver fail-
ure. Deafness, usually transient, is a
rare but alarming side effect and has
usually occurred after parenteral ad-
ministration of relatively large doses.
Individuals at increased risk for this
complication are those with renal in-
sufficiency, particularly when receiv-
ing other ototoxic drugs such as
aminoglycosides.

Other Measures

Oxygen transfer at the alveolar-
pulmonary capillary interface may
be compromised as the result of pul-
monary edema. Increasing the frac-
tional concentration of oxygen in in-
spired air to 30% on 40% will over-
come this diffusion defect. The child
should be kept calm, however, and
this factor should take precedence
if the child is terrified by the oxygen
equipment. Subcutaneous adminis-
tnation of morphine in a dose of 0.1
to 0.2 mg/kg may be given both for
sedation and to combat pulmonary
edema. Phlebotomy of 1 0 to 20 ml/
kg, once popular, is rarely used at
present, but a ‘ ‘bloodless phlebo-
tomy’ ‘ may be carried out utilizing
tourniquets on three extremities and
rotated every 1 5 minutes to provide
45 minutes of continuous venous
trapping in each extremity. In a child
in critical condition with severe pul-
monary edema, endotracheal intu-
bation should be carried out and
positive pressure ventilation initi-

ated. Positive end-expiratony pres-
sure will not only improve oxygena-
tion but also combat the pulmonary
edema by reversing the pressure
gradient between alveolus and pul-

monary capillary. Simultaneous se-
dation with morphine is very helpful
in maintaining toleration of the en-
dotracheal tube and in combating
the pulmonary edema.

Catecholamines, such as dopa-
mine or isoproterenol, may also be
utilized temporarily to increase myo-
cardial contractility. When utilized,
this type of therapy must be moni-
toned closely because anrhythmias
are likely to occur if the rate of infu-
sion is not carefully controlled.

An alternative method of improv-
ing cardiac output, now under inves-
tigation, consists of reducing the af-
terload with vasodilator therapy. So-
dium nitroprusside, nitroglycerin,
and prazosin have been used for this
purpose in adults, but their use in
children is still inadequately studied.

Long-Term Management

Once the child’s condition has
been stabilized, a plan of manage-
ment for the future should be devel-
oped. Structural defects may require
surgical repair, but consideration
should be given to the child’s size,
age, type of defect, and responsive-
ness to medical management before
an impulsive decision ton surgery is
made. Many children with ventricu-
lar septal defects, for example, un-
dergo spontaneous improvement
with age. Myocarditis may exhibit
improvement either spontaneously
or after corticosteroid therapy. Re-

current tachyarnhythmias may be
adequately controlled with long-term
digitalization or propnanolol therapy.
In any instance, the parents must be
brought thoroughly and honestly
into the long-term planning after
having been made aware of avail-
able options. Their anxieties are not
likely to be lessened by a noncom-
municative physician and their
sense of fear and helplessness can,
to some extent, be combated by an
understanding of the problem.
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