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Introduction

Ventricular septal defect is the most common congenital
cardiac malformation found in children, occurring with
an incidence as high as 5.6 per 1000 live births when
sensitive color-flow Doppler imaging is used as the
diagnostic technique [1,2••]. Ventricular septal defects
may occur as one component of a more complex car-
diac malformation (eg, tetralogy of Fallot, double-outlet
right ventricle, atrioventricular septal defect) or as the
primary pathologic abnormality. This discussion
focuses on treatment options for isolated VSD.

The interventricular septum is conceptually a sim-
ple structure separating the right and left ventricles. It
is anatomically and embryologically complex, how-
ever, evolving from fusion of the endocardial cushions
at the crux of the heart with the muscle mass between
the developing ventricles and with the conal septum
growing downward from the developing arterial trunk.
The completed interventricular septum is a multifac-
eted structure composed of both membranous and
muscular portions (Fig. 1). The inlet septum is the
smooth-walled portion that extends from the tricuspid
valve annulus to the insertion site of the valve leaflets.
The trabecular or muscular septum is the coarsely trabec-

ulated region that extends from the midventricle to the
apex and anteriorly toward the outflow tracts. The
infundibular septum begins above the septal band and
extends to the pulmonary annulus. Tucked between
the inlet septum, the infundibular septum, and the tra-
becular septum is a small fibrous area just beneath the
aortic valve termed the membranous septum. The classi-
fication of defects in the interventricular septum has
not been standardized but is generally based on the
location of the defect or the portion of the septum that
is deficient. In this article, we use the nomenclature
shown in Figure 2.

ASSOCIATED LESIONS
Localization of a VSD is more than an academic exercise
because it determines the type of associated complica-
tions as well as the likelihood of spontaneous closure.
Inlet VSDs, for example, are often associated with
abnormal development of the atrioventricular valves,
either as part of an endocardial cushion defect or
related to a straddling or overriding atrioventricular
valve. Trabecular defects may be multiple—the so-called
“Swiss cheese” septum—but also have the highest rate

Opinion statement
Ventricular septal defects (VSDs) are the most common congenital heart malformations 
seen in children. Because spontaneous closure occurs frequently, patients 
with small VSDs should be followed clinically with no limitations except endocarditis 
prophylaxis. Surgical closure is recommended for only small defects with significant 
associated lesions such as aortic regurgitation, aortic valve prolapse, right or 
left ventricular outflow obstruction, tricuspid regurgitation, left ventricle to right 
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pulmonary vascular obstructive disease and the consequences of long-standing 
volume overload. Device closure of VSD is still in the investigational stage but holds 
promise for treatment of apical or multiple muscular VSDs.
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of spontaneous closure (80%). A perimembranous VSD
may occur with discrete membranous subaortic stenosis
and an obstructive right ventricular muscle bundle. Peri-
membranous VSDs also undergo closure by formation
of a membranous septal aneurysm, which incorporates
tricuspid valve tissue and may result in tricuspid regur-
gitation or left ventricle to right atrial shunting. Subarte-
rial defects are often associated with prolapse of an
adjacent aortic valve cusp into the defect with subse-
quent aortic insufficiency.

DIAGNOSIS
Diagnosis of ventricular septal defect is suggested by the
typical auscultatory finding of a coarse systolic murmur
audible at the left sternal border after the first few days
of life. Two-dimensional echocardiography with Dop-
pler color-flow mapping has now become the definitive
diagnostic modality for detecting and characterizing
VSDs, their associated complications, the size of the
shunt, and the estimated pulmonary artery pressure
(Figs. 3 and 4). Recent developments in three-dimen-
sional echocardiography are being applied to the diag-
nosis of VSD, yielding the promise of better spatial
understanding of defect size and location [4]. In most
institutions, echocardiography in experienced hands
has obviated the need for cardiac catheterization in the
pediatric patient with an isolated VSD of small or mod-
erate size and no other complications [5]. Diagnostic
catheterization is best reserved for older patients with a
large VSD and pulmonary hypertension to assess the
reactivity of the pulmonary vasculature or to character-
ize further associated lesions of significance.

TREATMENT OVERVIEW
The natural history of a small VSD includes a clinical
course in which the patient is usually asymptomatic
with normal growth and normal exercise tolerance.
Spontaneous closure may occur in 35% to 40% of
patients, most often in the first 2 years of life, with a
continued 10% rate of closure in adolescence and adult-
hood [6,7,8•]. Congestive heart failure and pulmonary
hypertension do not occur, but bacterial endocarditis is
a small though definite risk (12 per 10,000 person-
years) [9••]. Thus, the patient with a small VSD can be
managed expectantly with endocarditis prophylaxis and
clinical follow-up every 2 to 5 years [10•].

The natural history is less benign when a small VSD is
associated with aortic prolapse, aortic regurgitation, dis-
crete subaortic stenosis, right ventricular outflow obstruc-

Figure 1. The interventricular septum 
as viewed from right (A) and left 
(B) ventricular aspects.

Figure 2. The interventricular septum as viewed from the right 
ventricle to indicate the location and classification of ventric-
ular septal defects. 1: Inlet defect; 2: perimembranous defect; 
3–5: muscular/trabecular defect; 6–7: subarterial defect. 
AO—aorta; PA—pulmonary artery; RA—right atrium.
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tion, significant tricuspid regurgitation, or left ventricle to
right atrial shunting. Surgical closure of the VSD should
be considered when the hemodynamic consequences of
the associated lesion are clinically significant. Many cen-
ters recommend closure of the small subarterial VSD

whenever aortic leaflet prolapse is present to prevent the
development of significant aortic insufficiency [11].

Moderate and large ventricular septal defects often
cause congestive heart failure in early infancy, requiring
pharmacologic management. The chronic volume over-
load on the left ventricle and pulmonary overcirculation
lead to frequent respiratory infections and poor weight
gain. Elevation of pulmonary vascular resistance may
reduce shunt size and congestive symptoms but may also
result in irreversible pulmonary vascular obstructive
disease (PVOD) if the defect is not repaired [12]. A small
percentage of these larger defects will undergo spon-
taneous closure or reduction in shunt size, but most will
require closure before the age of 2 years. The majority of
patients with large VSDs can safely undergo primary
surgical repair in experienced centers at any time in the
first year of life [13,14]. Staged repair with palliative
pulmonary banding early in infancy and later definitive
repair is rarely appropriate except perhaps with extreme
prematurity, significant lung disease, or a coexisting
disorder for which cardiopulmonary bypass is contrain-
dicated [15]. Multiple trabecular VSDs may still be
managed by initial pulmonary artery banding but are also
being successfully closed primarily at surgery and with
transcatheter devices [16,17]. Management of VSD with
significant pulmonary hypertension requires careful
assessment of the reactivity of the pulmonary vascular bed
before operative closure is chosen [18,19].

Treatment

• Nutritional issues are of most concern in the infant or child with unre-
paired VSD and congestive heart failure. Patients with large left-ro-right 
shunts have an increased metabolic rate and increased oxygen consump-

Figure 3. Echo Doppler findings with a restric-
tive perimembranous ventricular septal defect 
(VSD).  Two-dimensional echo (left) demon-
strating a Doppler color flow jet through the 
septum just below the aortic valve. The size 
of the VSD can be approximated by the dia-
meter of the jet (d) as it passes through the 
defect. A continuous-wave Doppler spectral 
tracing (right) of the VSD jet. The peak veloc-
ity of this flow predicts the pressure gradient 
across the interventricular septum using the 
modified Bernoulli equation: DP = 4 
(velocity)2. Right ventricular systolic pressure 
(RVSP) can then be calculated: RVSP = 
systemic blood pressure - DP. Shunt size can 
also be estimated by calculating the product 
of the velocity time integral (dotted lines in B) 
and the VSD flow area - II(d/2)2. A0—aorta; 
LA—left atrium; LV—left ventricle. 
(From King [3]; with permission.)

Figure 4. Two-dimensional echocardiographic image of the
parasternal long axis of the left ventricular outlet tract demon-
strating aortic valve prolapse of the right coronary cusp
(small arrow) into a perimembranous ventricular septal defect. 
A membranous septal aneurysm is apparent on the right septal 
surface (carat), and a small subaortic tag is shown protruding 
into the outflow tract just below the aortic valve (large arrow). 
Ao—aorta.

Diet and lifestyle
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tion. The tachycardia and tachypnea, labored respirations, and sweating 
contribute to an increase in energy expenditure. These same congestive 
symptoms also impair the infant’s ability to ingest food. Elevated venous 
pressure secondary to heart failure may cause mucosal edema and incom-
plete absorption of ingested nutrients. Acquired respiratory infections 
impose an added metabolic burden. Thus, in the infant and child with 
a moderate or large VSD, careful attention to feeding patterns and growth is 
an integral part of medical management.

• The urge to restrict fluids because of congestive heart failure must be 
resisted when this results in inadequate caloric intake. Energy requirements 
as high as 170 kcal/kg/d may be necessary for normal growth [20]. These 
needs may be met with frequent feedings using infant formulas with high 
caloric density (24 cal/oz) and with supplementation of medium-chain 
triglycerides and diluted infant cereals.

• Attention to sodium content is also important, but the unpalatability of 
low-sodium formulas may limit their acceptance. An increase in diuretic 
therapy may be needed to compensate for the volume of oral formula nec-
essary to supply adequate calories.

• In some infants with severe failure to thrive, short-term nasogastric feeding 
may be needed to improve nutritional status prior to corrective surgery [21].

• Management of patients with an isolated VSD depends on the size of the 
VSD and subsequently the amount of left-to-right shunting and the degree of 
pulmonary hypertension or pulmonary vascular obstructive disease. Other 
factors that need to be taken into consideration are the presence of associated 
defects, such as coarctation of the aorta, aortic or subaortic stenosis, aortic 
regurgitation, mitral regurgitation, or pulmonary or subpulmonary stenosis. 
The presence of any of these lesions may affect management and the 
planning for surgery. When considering the management of isolated VSD, 
the pediatric cardiologist plots a strategy for the future based on whether 
the VSD is small, moderate, or large and nonrestrictive (Table 1).

• The small VSD usually presents in an asymptomatic child with a systolic 
murmur and normal electrocardiographic findings. Usually, no medical 
therapy is required, and spontaneous closure occurs in approximately 
40% of cases of perimembranous VSDs and 80% of cases of muscular trabec-
ular VSDs. With all VSDs, there is a risk of infective endocarditis. Meticulous 
dental care is therefore important, and antibiotic prophylaxis is necessary for 
dental, respiratory tract, gastrointestinal, and urogenital procedures [22••].

Pharmacologic treatment

Table 1.  Simplified severity grading of isolated ventricular 
septal defects

Small Pulmonary: systemic pressure ratio < 0.3
Qp:Qs < 1.5

Moderate Pulmonary:systemic pressure ratio < 0.66
Qp:Qs > 1.5

Large/nonrestrictive Pulmonary:systemic pressure ratio > 0.66
Qp:Qs > 2.0 until pulmonary vascular obstructive 

disease develops
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• The moderate-sized VSD is generally managed medically in the first year of 
life to assess whether spontaneous closure or some restriction in size will 
occur. Medical therapy is initiated with a diuretic such as furosemide given 
twice a day to control the signs and symptoms of heart failure. When furo-
semide alone is used to treat heart failure, potassium-sparing agents such as 
spironolactone may be necessary. Other diuretics that may be used include 
hydrodiuril or, occasionally, ethacrynic acid. If there is inadequate response 
to a diuretic alone, then angiotensin-converting enzyme (ACE) inhibitors 
may be added. They have a beneficial clinical effect and in the cardiac cath-
eterization laboratory have been shown to decrease the pulmonary-to-
systemic flow ratio. Enalapril is effective in a once-daily dose [23]. It should 
be started at a low dose and increased gradually to ensure that hypotensive 
episodes do not develop. ACE inhibitors have the additional benefit of 
being potassium sparing, obviating the need for the addition of spironolac-
tone to the medical regimen. If the heart failure remains uncontrolled, 
digoxin is frequently used as the next conventional line of management, 
although its use may be controversial [24,25]. Patients with a large left-to-
right shunt generally have normal or hypernormal ventricular function. 
There is decreased sensitivity of the newborn myocardium to digoxin. 
On the other hand, digoxin has been used for several decades owing to its 
apparent clinical effect. Medical therapy can be weaned if it becomes 
apparent that the VSD is becoming smaller and more restrictive. This is 
suspected clinically if the systolic murmur becomes louder, the pulmonary 
component of the second heart sound becomes softer (indicating normal-
ization of the pulmonary artery pressures), the middiastolic rumble dis-
appears (indicating that the Qp:Qs is less than 2:1), and the heart decreases 
in size on the chest radiograph.

• Although the large nonrestrictive VSD will require surgical closure in the 
first year of life, the patient is usually managed with medical therapy with 
diuretics, ACE inhibitors, and digoxin until approximately 4 to 6 months 
of age. Nutritional supplementation is frequently necessary because of the 
increased metabolic demand in heart failure in infants. Some degree of fail-
ure to thrive (FTT) is almost invariable in infants with a large VSD; in fact, 
the absence of FTT should alert the clinician to the possible development of 
pulmonary vascular obstructive disease, which by increasing the pulmonary 
vascular resistance causes less left-to-right shunting. Increasing pulmonary 
resistance should also be suspected if the infant becomes less tachypneic, 
the second heart sound is increased in intensity, the middiastolic rumble 
becomes softer, or the heart becomes smaller on chest radiography.

• Neonates and infants may occasionally develop such severe cardiac 
and respiratory failure that intubation and ventilation are necessary. This is 
especially true if the initial presentation is associated with pneumonia 
or if there are other cardiac defects such as left ventricular outflow tract 
obstruction, patent ductus arteriosus, or atrial septal defect. It is vital to 
avoid hyperoxygenation or hyperventilation in these patients, because this 
will result in a fall in pulmonary vascular resistance and hence an increase 
in the left-to-right shunt. In such critically ill infants, diuretics and digoxin 
should be given intravenously. If the infant cannot be weaned from venti-
latory support, early surgical intervention may be required.

Furosemide

Standard dosage 0.5 to 1 mg/kg per dose given every 6 to 12 hours depending on the severity 
of the heart failure; may be given via oral, intramuscular, or intravenous route. If 
given as an infusion, the dose is 0.1 to 1 mg/kg/h.

Contraindications Anuria, hypersensitivity to furosemide.
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Main drug interactions Increases the ototoxic effects of aminoglycosides; potentiates antihypertensive 
agents and salicylates; antagonizes the skeletal muscle–relaxing effect of 
tubocurarine; and potentiates the action of succinylcholine.

Main side effects Hypokalemia, hyperglycemia and hyperuricemia, orthostatic hypotension, 
and gastrointestinal symptoms. Hematologic reactions and central nervous system 
symptoms including paresthesias, vertigo, and headache are uncommon.

Cost/cost effectiveness Furosemide is an inexpensive, effective diuretic. It is available as an oral solution 
for about $10 per 60 mL; 100 tablets of 20-mg strength cost $5 to $10.

Spironolactone 

Standard dosage For a patient weighing 3 to 10 kg, 6.25 mg is given orally every 12 hours.
For a patient weighing 11 to 20 kg, 12.5 mg is given orally every 12 hours.
For a patient weighing 21 to 40 kg, 25 mg is given orally every 12 hours.
For a patient weighing more than 40 kg, 25 mg is given orally every 8 hours.

Contraindications Anuria or acute renal insufficiency or hyperkalemia.
Main drug interactions Potentiates the antihypertensive effects of other diuretics and increases the 

half-life of digoxin.
Main side effects Gynecomastia, cramping and diarrhea, drowsiness and headache, rashes, drug fever, 

and ataxia.
Cost/cost effectiveness Spironolactone is an inexpensive diuretic used for its potassium-sparing effect. 

A supply of 100 tablets of 25-mg strength costs about $10.

Enalapril

Standard dosage 0.1 to 1.0 mg/kg daily given orally. Start at a low dose and increase gradually, 
being sure to monitor the blood pressure. Administration is effective once daily in 
infants, but older children may require the same daily dose divided every 12 hours.

Contraindications Hypersensitivity to enalapril, history of angiotensin-converting-enzyme-inhibitor 
angioedema, pregnancy.

Main drug interactions Hypotension, especially patients on diuretic therapy. Attenuates potassium loss 
of other diuretics.

Main side effects Anaphylactoid reactions, dry cough, hypotension, hyperkalemia, transient 
reversible increase in creatinine and blood urea nitrogen levels, and toxicity to the 
fetus in the second and third trimesters of pregnancy.

Cost/cost effectiveness Enalapril is a cost-effective ACE inhibitor that is more expensive than captopril but 
can be administered less frequently. The cost of 100 tablets of 5-mg strength is 
about $100.

Digoxin

Standard dosage See Table 2. For acute treatment of congestive heart failure in the infant or child, 
determine the total digitalizing dose (TDD) and give ½ the TDD initially, then ¼ 
every 8 to 18 hours for two doses. After initial digitalization, determine the daily 
maintenance dose and divide it into two daily doses for children younger than 
10 years of age, one daily dose for children older than 10 years. Obtain an electro-
cardiogram about 6 hours after each dose to detect toxicity. For more stable outpa-
tients, determine the daily maintenance dose and begin oral administration; full 
digitalization is expected in 4 to 7 days.

Contraindications Hypersensitivity to digoxin, ventricular dysrhythmia, or hypokalemia. Dosage 
should be modified in renal failure. Care should be taken with active carditis 
because arrhythmias are common.

Main drug interactions Care should be taken with the concomitant use of potassium-depleting drugs, 
which may predispose to arrhythmia. Various drugs may increase the serum 
digoxin concentration or increase its absorption. Consult the pharmacy for 
specific interactions.

Main side effects Arrhythmias, anorexia, diarrhea, vomiting, visual disturbances, and gynecomastia. 
Side effects are uncommon in young children.
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Cost/cost effectiveness Treatment with digoxin is used as a bridge to surgery, and its expense is therefore 
limited. Digitalis elixir in 60-cc aliquots of 50 mg/mL can be obtained for about 
$20. Digoxin tablets, 0.125 mg, cost about $10 for 100 tablets.

• Indications for surgery are listed in Table 3.
• Most isolated perimembranous, inlet, and muscular VSDs can be repaired 

through the right atrium, thereby avoiding the effects of a ventriculotomy.
• Inlet defects may require detachment of the septal leaflet of the tricuspid 

valve to improve the exposure of the VSD.
• Defects in the outlet septum may be best visualized and closed through the 

pulmonary artery.

Table 2.  Dosages for digoxin

Age Total digitalizing dose Daily maintenance dose

Premature infant 20 mg/kg po 5 mg/kg po
15 mg/kg IV/IM 3–4 mg/kg IV/IM

Term infant 30 mg/kg po 8-10 mg/kg po
20 mg/kg IV/IM 6–8 mg/kg IV/IM

<2 y 40–50 mg/kg po 10–12 mg/kg po
30–40 mg/kg IV/IM 7–9 mg/kg IV/IM

2–10 y 30–40 mg/kg po 8–10 mg/kg po
20–30 mg/kg IV/IM 6–8 mg/kg IV/IM

>10 y 0.75–1.25 mg po 0.125–0.25 mg po, IV, or IM
0.75–1.25 mg IV/IM

IM–intramuscularly; IV–intravenously; po—orally.

Table 3.  Indications for surgical closure

Size Age Indication

Large < 1 mo Inability to wean from ventilator
Severe FTT, pneumonia
Presence of other cardiac defects

< 6 mo Heart failure, FTT
Recurrent pneumonia
Suspicion of progressive pulmonary vascular obstructive disease

< 9 mo All large nonrestrictive VSDs with pulmonary artery pressure > 2/3 
systemic pressure

Moderate < 2 y FTT, recurrent chest infections
Any degree of pulmonary hypertension
Presence of other cardiac defect (eg, coarctation)

Small Recurrent subacute bacterial endocarditis
Significant left ventricular to right atrial shunt
Subarterial VSD with aortic valve prolapse
Perimembranous VSD with aortic regurgitation

    Deteriorating ventricular function or increasing left ventricular size
Significant right ventricular outflow obstruction

Elevated pulmonary vascular resistance above 6-8 Wood units/m2 increases mortality and morbidity and adversely affects long-term 
outcome [26]. FTT—failure to thrive; VSD—ventricular septal defect.

Surgery
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• Apical muscular VSDs may require a ventriculotomy at the apex of the left 
ventricle for adequate exposure to the VSD; however, this may compromise 
left ventricular function. For this reason, there is increasing interest in inter-
ventional devices to close muscular VSDs.

• Complete surgical correction is done with the patient under hypothermia 
on cardiopulmonary bypass at low flow with cannulation of the superior 
and inferior vena cava. Alternatively, in the smaller infant, deep hypo-
thermia with total circulatory arrest is used.

• Pulmonary artery banding as a palliative step to limit the pulmonary blood 
flow is very rarely indicated today. In the 1960s and even the 1970s, pulmo-
nary artery banding was more popular as a temporizing operation to allow 
the infant to grow before definitive open heart surgery was done as a sec-
ond staged operation. With the improvements over the last three decades in 
surgical technique, cardiopulmonary bypass, anesthesia, and intensive care, 
one-stage VSD closure has been shown to be associated with improved 
outcome as compared with the two-stage approach [27]. Rarely, pulmonary 
artery banding is done for isolated VSD if there is ongoing pulmonary 
infection or if there are multiple or difficult apical muscular VSDs.

• The surgical mortality rate for VSD closure should be less than 3%, 
although the mortality rate in the small infant with associated pulmonary 
and nutritional problems is somewhat higher [28••,29].

• Considerable advances have been made in the last decade in the intensive 
care management of the postoperative patient with a large VSD with 
pulmonary hypertension. When any degree of PVOD is suspected, a pul-
monary artery catheter is placed through the right ventricular outflow tract 
to monitor pulmonary pressure and to manage “pulmonary hypertensive 
crises.” Residual pulmonary hypertension is managed with sedation and 
paralysis with meticulous ventilation, keeping the pCO2 at 30 to 35 mm 
Hg and providing additional oxygenation. Inhaled nitric oxide has been 
shown to be a potent pulmonary vasodilator. If necessary, continuous 
administration with less than 20 ppm will effect an adequate reduction in 
pulmonary pressure [30].

• Children and adolescents with a small VSD can participate in all levels 
of physical activity so long as they have normal pulmonary artery pressure 
(peak systolic pulmonary artery pressure of less than 40 mm Hg) and no 
significant associated cardiorespiratory disorders.

• Athletes with moderate elevation of pulmonary pressure should avoid 
high-intensity sports until after surgical repair of the septal defect. 
Exercise testing and Holter ambulatory monitoring for unsuspected 
arrhythmias would be prudent before allowing serious participation in 
competitive athletics.

• The presence of pulmonary vascular disease places the athlete at high 
risk for sudden death during exercise and prohibits participation in 
vigorous athletics.

• Full participation in competitive sports is permitted 6 months after success-
ful repair of VSD. If residual shunting, pulmonary hypertension, ventricular 
dysfunction, or arrhythmia is present, further evaluation and some restric-
tion of the level of athletic activity may be necessary [31••].

Physical/speech therapy and exercise
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Insurability
• Standard life insurance risk is assumed by most large insurers for patients 

who have undergone successful surgical closure of VSD and who have 
no residual hemodynamic or physiologic abnormalities. In some 
cases, a patient with a small unrepaired VSD is also considered in the 
normal-risk category.

• Patients with a residual or an unrepaired VSD with a volume-loaded left 
ventricle and moderate pulmonary hypertension have substandard life 
insurance risk with higher premiums.

• Patients with large VSDs or pulmonary vascular obstructive disease 
are uninsurable [32].

• Health insurance can be expensive and difficult to obtain if the patient is 
not already covered under a preexisting parental policy. Prepaid health 
plans are often a more accessible form of health coverage but may limit 
access to the specialists most knowledgeable in the care of this disorder.

Pregnancy
• Patients with a small or moderate residual or unrepaired VSD generally 

tolerate the hemodynamic stress of pregnancy without difficulty.
• An intermediate risk is posed to the mother’s health if she has significant 

left ventricular volume overload and mild pulmonary hypertension.
• Women with New York Heart Association functional class III or IV heart 

disease with moderate or severely increased pulmonary vascular resistance 
or congestive heart failure have a very high risk of both maternal and 
fetal death [33].

• Endocarditis prophylaxis is not required for uncomplicated vaginal or 
cesarean delivery, although if difficult delivery is anticipated or if associated 
higher-risk cardiac lesions coexist, antibiotic administration at the onset 
of labor and for 3 to 4 days after delivery is recommended [22•,34].

Genetic counseling
• Another major concern for patients with VSD is the risk of passing VSD or 

another form of congenital heart disease to their offspring. For sporadically 
occurring isolated VSD, the recurrence risk has been estimated to be 3% to 
8% when the mother is the affected parent and 3% if the father is the 
affected parent [35,36].

• Fetal echocardiography at 20 to 22 weeks’ gestation can be performed for 
evaluation of cardiac anomalies in the fetus of a parent affected with a VSD.

• The use of nitric oxide has had a dramatic impact on the management of 
pulmonary hypertension in patients with congenital heart disease and 
PVOD, both in the initial preoperative assessment and in postoperative 
management. Preoperatively, patients with VSD and elevated pulmonary 
vascular resistance need to be evaluated to assess whether the changes in 
the pulmonary vascular bed are reversible. Purely increased muscularity 
of the vessel wall is considered reversible, whereas extensive intimal 
changes, obliteration, adventitial fibrosis, and a reduction in the number 

Other therapies/considerations

Emerging therapies
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of intra-acinar arteries are considered irreversible. Pulmonary vascular 
changes are suggested by 1) a response to inhaled nitric oxide, causing a 
decrease in the indexed pulmonary vascular resistance (PVRi) to less 
than 6 Wood units/m2; 2) a decrease of the pulmonary-to-systemic resis-
tance ratio (Rp/Rs) to less than 0.3; or 3) a decrease of PVRi or Rp/Rs of 
10% [26]. The use of nitric oxide after cardiac surgery in patients with con-
genital heart disease and pulmonary hypertension is well described and 
has been discussed previously. The problem of rebound pulmonary hyper-
tension after withdrawal of nitric oxide therapy has been a clinical issue. 
Recent studies have suggested that the use of dipyridamole may attenuate 
the effect of nitric oxide withdrawal [37]. New work suggests that nitric 
oxide may even cause vascular remodeling, thus decreasing the pulmonary 
vascular resistance. Some patients with severe PVOD have been pretreated 
with inhaled nitric oxide for several weeks before surgery to remodel the 
pulmonary vascular bed and decrease pulmonary vascular resistance [38].

• Respiratory syncytial virus (RSV) infection with bronchiolitis causes 
significant morbidity and mortality during the winter months in infants with 
congenital heart disease, including those with a large left-to-right shunt from a 
VSD [39]. An immune globulin was developed for monthly intravenous 
administration using a neutralizing polyclonal antibody to RSV (RespiGam; 
Medimmune, Inc., Gaithersburg, MD). This has been used successfully in pre-
mature babies and in those with bronchopulmonary dysplasia to prevent RSV 
infection. An increase in mortality rate was noted, however, with the use of 
this preparation in infants with congenital heart disease, predominantly those 
with complex cyanotic heart disease. The more recent development of a 
monthly intramuscular injection of anti–RSV monoclonal antibody (palivi-
zumab [Synagis; Medimmune Inc, Gaithersburg, MD]) is very promising [40], 
although no data are available about the safety and efficacy of this product in 
children with congenital heart disease. A multi-institutional double-blinded 
study in the United States of palivizumab in children with congenital heart 
disease has recently been completed. The outcome of this study is eagerly 
anticipated by pediatric cardiologists.

• Transcatheter closure of ventricular septal defects is a novel approach 
that may obviate the need for open heart surgery and cardiopulmonary 
bypass and thereby shorten the hospital stay. The procedure is done 
with the patient under general anesthesia with transesophageal echocardio-
graphic guidance. Several devices have been used, including the CardioSEAL 
Occluder (Nitinol Medical Technologies, Inc., Boston MA), the Rashkind 
double umbrella (USCI, Billerica, MA), the Sideris button device (Custom 
Medical Devices, Amarillo, TX), and, more recently, the self-centering 
Amplatzer septal occluder (AGA Medical Corporation, Golden Valley, MN). 
Most of these devices are not available for general use in the United States 
but are under Food and Drug Administration (FDA) investigation at 
specific institutions. The CardioSEAL device has recently received FDA 
approval for use in closing VSDs that are not accessible transatrially 
or transarterially. The most promising indication for transcatheter device 
closure has been muscular VSD remote from the atrioventricular and semi-
lunar valves. The apical muscular VSD, which is accessible to the surgeon 
only from an apical left ventriculotomy, is especially appropriate for this 
form of closure. Device closure can be performed in the catheterization 
laboratory or even during the surgical procedure if there are other lesions 
requiring surgical correction [16]. Membranous defects have been closed 
using the Sideris button device when the distance from the center of the 
defect to the insertion of the right coronary aortic leaflet was more than 50% 
of the size of the required device [41]. Perforation of the right aortic cusp 
was described in a case in which a Rashkind double umbrella was used [42].
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• Minimally invasive cardiac surgery reduces incisional pain and shortens 
hospital stay. It has recently been applied to a variety of cardiac lesions, 
including VSD closure in patients older than 3 years [43]. The surgery is 
done using femorofemoral cardiopulmonary bypass and a left anterior 
minithoracotomy with video-assisted endoscopy. This surgical approach 
is still preliminary, but many surgeons are now also modifying their 
traditional techniques to use a shorter median sternotomy. This improves 
the cosmetic result on the anterior chest wall while still employing the 
conventional procedure of cardiopulmonary bypass and surgery.
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