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Abstract
The co-occurrence of congenital diaphragmatic hernia (CDH) and cardiovascular malformations
(CVMs) has important clinical, genetic, and developmental implications. Previous examinations of
this topic often included patients with genetic syndromes. To correct this potential bias, we undertook
an extensive review of the literature and obtained new data. The frequency of CVMs associated with
isolated CDH was 11–15%. A careful analysis of CVMs indicates that atrial and ventricular septal
defects, conotruncal defects, and left ventricular outflow tract obstructive defects were the most
common type of CVMs, but proportional to the frequency of occurrence in the general population.
The combination of CVM and CDH results in a poorer prognosis than would be expected with either
malformation alone. However, the impact on survival from patients with a genetic syndrome has not
been consistently evaluated. We encourage researchers to re-analyze existing series and recommend
that future studies distinguish isolated CDH from that which is associated with other malformations,
especially as part of genetic syndromes. Therapies should be tailored to maximize cardiac output and
systemic oxygen delivery rather than systemic oxygen saturation alone. Although there is speculation
about the frequency with which isolated left ventricular “hypoplasia” occurs in patients with CDH,
we suggest it results from compression of a pre-load deficient left ventricle by the hypertensive right
ventricle, and unlike true hypoplasia, is reversible. Irrespective of the type of severity of CVMs in
patients with CDH, the degree of pulmonary hypoplasia and pulmonary vascular disease predicts
outcome.
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INTRODUCTION
When a newborn with a congenital diaphragmatic hernia (CDH) is admitted to the neonatal
intensive care nursery, the priorities of diagnosis and care are quickly established. “Did the
cardiologist see the baby? What did the echocardiogram show?” are the familiar questions
which speak volumes about the well-known association of CDH and cardiovascular
malformations (CVMs). The neonate with CDH may be cyanotic due to lung hypoplasia, a
CVM, reactive pulmonary vascular bed, or a combination. Once the cardiopulmonary status
is stabilized, the baby should be examined for the presence of additional malformations. This
article discusses both the cardiac and genetic aspects of CDH in association with CVM, and
analyzes diagnostic, management, outcome, and developmental perspectives.
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CDH and CVMs are both common malformations that impact newborn morbidity and
mortality, though CDH is less frequent than CVM. The reported birth prevalence of CDH
ranges from 1.4 to 4.5/10,000 births. Dott et al. [2003] discussed possible reasons for this
variation including differences in case ascertainment (e.g., clinical series, population-based
surveillance programs) and case definition (e.g., the inclusion of eventration). However, the
two most recent series, Dott et al. [2003] and Yang et al. [2006], reported a similar prevalence
of total CDH in 2.4 and 2.5 per 10,000 births in the Metropolitan Atlanta Congenital Defect
Program and the California Birth Defects Monitoring Program, respectively; point estimates
for isolated CDH were 1.5 and 1.4 per 10,000. Overall, the occurrence of CDH is less than the
prevalence for CVM which has been reported in up to 9/1000 [Botto et al., 2001].

Associated Malformations
Non-cardiac malformations have been reported in approximately 20–60% of patients with a
CVM. The wide variation is due to differences in study design, definition of malformations,
and patient ascertainment, for example, population-vs. autopsy-based series [Copel et al.,
1993; Ferencz et al., 1997; Tennstedt et al., 1999; Bosi et al., 2003; Tegnander et al., 2006].
Data about the association of CVMs with CDH, in particular, are available from two large
European population-based studies. Calzolari et al. [2003] reported CDH in 9/1549 (5.8%) of
patients who had a CVM. This was similar to the 7.0% (20/3527) frequency noted by Eskedal
et al. [2004] in which patients with recognized syndromes were excluded.

Conversely, approximately 30–40% of patients with CDH have an associated malformation.
Since some studies use the more general term “anomalies” without providing a full list of case
definitions, it is likely that diagnoses which are not true malformations (e.g., Losty et al.
[1998] list syndactyly and colonic stenosis) may have been tabulated. Varying prevalence
estimates may also be attributed to patient ascertainment from different cohorts including
population-based surveys [Dott et al., 2003; Colvin et al., 2005], autopsy examination
[Benjamin et al., 1988; Sweed and Puri, 1993], prenatal imaging series [summarized on Table
I, Skari et al., 2000] or combined prenatal and postnatal examination [summarized on Table
II, Skari et al., 2000; Dillon et al., 2000; Harmath et al., 2006].

Outcomes of patients with a CVM and extracardiac malformations may be further
compromised by low birth weight and prematurity [Gaynor et al., 2002; Karamlou et al.,
2005; Andrews et al., 2006; Michielon et al., 2006; Stasik et al., 2006]. As the number of CVMs
for which neonatal surgical options increases, prognosis is more often dependent on the
presence of extracardiac malformations. Neonates born with both CDH and a CVM have a
poorer outcome than those born with either problem alone [Fauza and Wilson, 1994; Cohen et
al., 2002]. The combination of a CVM with CDH represents the result of a major abnormality
in development, so that superimposed lung hypoplasia, disordered postnatal pulmonary
vascular remodeling, abnormal cardiopulmonary physiology, possibly combined with
extracardiac, and extra-pulmonary malformations create difficult challenges to the
management and survival of many neonates with both CDH and a CVM.

The combination of a CVM with CDH represents the result of a major abnormality
in development, so that superimposed lung hypoplasia, disordered postnatal
pulmonary vascular remodeling, abnormal cardiopulmonary physiology, possibly
combined with extracardiac, and extrapulmonary malformations create difficult
challenges to the management and survival of many neonates with both CDH and a
CVM.

The presence of multiple congenital malformations can influence decisions made by the parents
and caregivers. This applies whether the diagnosis is made prenatally (since pregnancy
termination may be a choice for some), postnatally (if transferring a patient for more aggressive
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surgical management is an option), or postmortem (when knowledge of a syndrome can
influence genetic counseling). The importance of recognizing dysmorphic features and
associated malformations in CDH patients who may have a genetic syndrome is emphasized
(Table II by Dr. Anne Slavotinek, 2007 in the same issue of this Seminar). Syndromes and
other multiple malformation associations have tremendous clinical importance in the newborn
period so that when a complex, lifesaving cardiac operation is being contemplated, the presence
of the CDH and possibly other defects must be considered carefully [Robinson and Newburger,
2003].

CLASSIFICATION AND DEFINITIONS
Before reviewing the clinical management of CVMs, it is helpful to review the role of case
classification in the epidemiologic, descriptive, and molecular genetic study of CDH. For
families and caregivers, it is practical to view the newborn with a malformation, such as CDH,
as having either a solitary malformation, for example, “isolated” CDH, or additional
malformations that may or may not constitute a recognizable syndrome (see Table I for list of
syndromes in which CDH is frequently associated with a CVM). This distinction has obvious
clinical ramifications both in terms of genetic issues, as well as management decisions since
patients with more malformations are generally sicker with greater medical needs.

For families and caregivers, it is practical to view the newborn with a malformation,
such as CDH, as having either a solitary malformation, for example, “isolated” CDH,
or additional malformations that may or may not constitute a recognizable syndrome

Studies of CDH should separate patients with recognizable malformation syndromes from
those who have CDH with additional malformations not constituting a recognized syndrome.
Analyses that ignore this dichotomy may obscure etiologic heterogeneity [Rasmussen et al.,
2003] and provide skewed estimates of the frequency of associated malformations [e.g.,
Graziano et al., 2005]. For example, many studies have combined bona fide primary
cardiovascular “malformations”, which can be viewed as errors of cardiac morphogenesis,
together with secondary abnormalities that are due to the positional shifts of the heart in the
chest and/or altered hemodynamics, for example pulmonary hypertension.

Distinguishing Form From Function
Narrowly defined, a CVM refers to a structural malformation attributed to an error of cardiac
morphogenesis. Unfortunately, the definition of CVM, congenital heart defect, or unspecified
heart defect is frequently omitted from articles. For this analysis, we defined CVM in a narrow
sense, and excluded heart anomalies that are (a) remnants of fetal hemodynamics which may
persist in the presence of pulmonary hypertension (isolated patent ductus arteriosus, PDA;
patent foramen ovale, PFO), (b) the result of positional forces (dextrocardia/dextroposition,
compression of inferior vena cava or pulmonary artery), (c) functional anomalies (valve
regurgitation, ventricular hypertrophy), (d) cardiomyopathy, and e) pericardial defects. We
also excluded ectopia cordis/Pentalogy of Cantrell because it represents distinct developmental
errors with independent etiologies, management guidelines, and prognosis.

A common challenge is distinguishing patients with classic hypoplastic left heart (HLH) from
so-called left heart “hypoplasia” which is not a CVM [Bollmann et al., 1995]. The former is
defined as aortic and mitral atresia (or severe stenosis) with left ventricular hypoplasia. The
latter refers to a left ventricle which appears small due to compression from an enlarged right
ventricle, but structurally normal aortic and mitral valves, and aortic arch with relatively normal
volume. Diagnostic studies, especially prenatal ultrasound and fetal echocardiography, may
be unable to provide the anatomic details needed to make the distinction, and lack of postnatal
confirmation through imaging or autopsy may result in inconclusive reporting. Failure to
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distinguish between the two entities affects the ascertainment of cases of CVMs which
appropriately include HLHS but exclude isolated small left ventricle.

REVIEW OF PATIENTS
New Patients

Table II presents new information on 203 well-studied CDH cases identified through the
Brigham-Women’s Malformation Surveillance Program, a hospital-based active surveillance
registry. Details of the methods of this program can be found in previous publications [Nelson
and Holmes, 1989;Lin et al., 1999a]; of note, individual patients are not examined personally
in this program. Using the same dataset as a recent genetic analysis of isolated Bochdalek
diaphragmatic hernia [Pober et al., 2005], 11.3% of patients with CDH had a CVM. Table II
shows the distribution of CVMs from the Brigham-Women’s Hospital compared to infants in
two large studies of CVM prevalence. The Baltimore-Washington Infant Study (BWIS) is a
well-reported population-based study of infants ascertained up to age 1 year in the United States
[Ferencz et al., 1997]. The Emilia-Romagna Registry of northern Italy is a smaller program
which identifies infants <5 days, but allowed exclusion of cases with chromosome
abnormalities and syndromes [Calzolari et al., 2003]. Comparisons of CVM type and frequency
were made between the 203 CDH cases ascertained from the Brigham-Women’s Hospital and
the data from Calzolari et al. [2003], testing for significance performed using a Chi square
analysis. Among the CDH cases, there were non-significant increases in atrial and ventricular
septal defects (56% vs. 48%), conotruncal CVMs (22% vs. 15%), and left ventricular outflow
tract obstructive CVMs (13% vs. 9%) (P-values ≤1.0). In fact, the distribution of CVMs found
among cases with CDH mirrored those in the general population.

Literature
Table III summarizes 30 years of articles which report the type and frequency of CDH
associated with a CVM (rounded figures have been used throughout). The data are presented
as: the reported frequency in the publication; the frequency after our additional analyses
subjecting the cohort to more rigorous CVM definition (see Table III footnote listing
exclusions); and the frequency after excluding patients with recognized chromosome and
Mendelian syndromes. Several papers contain analyses devoted specifically to CDH and
CVMs [Greenwood et al., 1976; Migliazza et al., 1999; Cohen et al., 2002; Graziano et al.,
2005], whereas others are general reviews of CDH and associated anomalies [Cunniff et al.,
1990; Fauza and Wilson, 1994; Bollmann et al., 1995; Enns and Cox, 1998; Losty et al.,
1998]. A few papers focus on prenatal detection [Allan et al., 1996; Dillon et al., 2000; Witters
et al., 2001] and several articles are population-based surveys of CDH [Martinez-Frias et al.,
1996; Dott et al., 2003; Stege et al., 2003; Tonks et al., 2004; Colvin et al., 2005]. No single
paper classified the cases from both the CDH and CVM point of view. Because of dramatically
different methodologies, comparisons between studies have been made cautiously, and do not
lend themselves to rigorous meta-analysis, statistical analysis, or simple generalizations. The
reported “raw” frequency figures for the co-occurrence of CDH and CVM ranged from 9–42%.
The number of patients with recognized syndromes was not always available, but after
excluding them in a few reports, a refined estimate is 12–15%, similar to the 11.3% frequency
in the Brigham-Women’s Hospital cohort of new patients (Table II).

A wide spectrum of CVMs associated with CDH has been reported in the literature. As noted
previously in the discussion under “New Patients”, two population-based comparison groups
were used because of heterogeneity of the data. We analyzed each study for the type of CVM
that was proportionally more common within the study. When sufficient data allowed exclusion
of syndromic cases, we re-analyzed to determine if the most common defect persisted.
Comparisons were made (without using tests of significance) to the BWIS (if the reported data
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included syndromes), or the data from Calzolari et al. [2003] (when syndromes could be
excluded).

“Septal defects”, was often broadly used and typically included secundum-type or unspecified
atrial septal defects, and isolated ventricular septal defects, usually membranous and muscular
types. This group was reported as the most common type of CDH-associated CVM by Graziano
et al. [2005] (42% compared to the BWIS general population septal defect prevalence of 28%).
Further analysis by excluding syndromes was not possible. Excluding syndrome cases from
the data published by Dillon et al. [2000] failed to show an increase (33% compared to 48%
in Calzolari et al., 2003]. It is likely that the overall frequency of ventricular septal defects
would be erroneously increased if their occurrence as essential components of other CVMs,
such as ventricular septal defect in tetralogy of Fallot, truncus arteriosus and type B interrupted
aortic arch were included.

It has been suggested that conotruncal CVMs are associated with CDH more frequently than
would be expected by chance. Based on the “raw” published figures, conotruncal CVMs were
proportionally more common in one autopsy series [28%, Benjamin et al., 1988], in data from
prenatal ultrasonographic diagnostic centers [31% tetralogy of Fallot, Allan et al., 1996], and
a large surgery center [28%, Migliazza et al., 1999]. However, they were not increased in a
large surgical center collaboration [17%, Graziano et al., 2005] or a prenatal diagnostic center
review [16%, Harmath et al., 2006] when compared to the approximate 16% conotruncal
frequency in the BWIS general population [Ferencz et al., 1997]. By revising the published
data (e.g., by excluding cases with syndromes, eventration, or CVMs that did not meet our
definitions, etc.), we observed that conotruncal CVMs were proportionally increased in a few
studies [33% tetralogy of Fallot in Greenwood et al., 1976; 40% in Enns and Cox, 1998; 23%
in both Losty et al., 1998 and Cohen et al., 2002], but not in the studies of Dillon et al.
[2000] and Harmath et al. [2006] after re-analysis of their data (17% and 11%, respectively).
Thus, an increase frequency of conotruncal CVMs in association with CDH is not consistent
in the literature. However, it is also likely that hemodynamically insignificant aortic arch
malformations such as aberrant origin of the subclavian and right aortic arch are underreported
(which we believe also represent neural crest derived CVMs) [Hutson and Kirby, 2003].

The spectrum of left ventricular outflow tract obstruction, notably aortic and mitral atresia
(classic HLH) has been described often in infants with CDH [Greenwood et al., 1976; Sweed
and Puri, 1993; Fauza et al., 1994; Ryan et al., 1994; Pfleghaar et al., 1995; Witters et al.,
2001; Cohen et al. 2002; Graziano et al., 2005]. Viewing published data, these defects also
appear to show an increased frequency in infants with CDH compared to the BWIS frequency
of approximately 14%. In the “raw” figures of Allan et al., 1996 (31%); Graziano et al.,
2005 (29%); and Harmath et al., 2006 (22%), an increase was observed for left-sided defects
reported as a group, as well as for coarctation [12% vs. 4.6%, Benjamin et al., 1988] and HLH
[12% vs. 3.8%, Sweed et al., 1993]. Revision of published data by excluding cases with
syndromes reinforced this apparent increase in left-sided obstruction [32%, Losty et al.,
1998; 25%, Dillon et al., 2000; 27%, Cohen et al., 2002, compared to 9.0% in Calzolari et al.,
2003]. However, it is not clear whether patients diagnosed with HLH in some series had a bona
fide CVM or a small left ventricle because of altered hemodynamics (see below).

Other CVMs did not seem to be more commonly associated with CDH compared to the general
population. It will require additional research to determine whether those that were infrequently
reported (e.g., heterotaxy, atrioventricular canal defects) represent significant negative
associations or proportionally low frequency defects.

When a syndrome with known association with CDH has a co-existing CVM (Table I), it is
the experience of one of the authors (I.A.) that the CVM is usually of the same class typically
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associated with the syndrome. For example, patients with trisomy 18 and CDH usually have
one of the conotruncal CVMs, such as conoventricular ventricular septal defect, tetralogy of
Fallot, or double outlet right ventricle [Van Praagh et al., 1989;Musewe et al., 1990], which is
the most common CVM type found among all infants with trisomy 18. Turner syndrome has
been reported in patients with CDH in whom the cardiac status was not specified [Table III in
Tibboel and Gaag, 1996;Table II,Dillon et al., 2000]; however, an infant with Turner syndrome
and CDH accompanied by coarctation of the aorta and bicuspid aortic valve has also been
reported [Adatia 2004].

THE LEFT VENTRICLE IN CDH
In general, a slender compressed left ventricular cavity is a common feature of congenital and
acquired heart defects associated with pulmonary hypertensive vascular disease, deficient left
ventricular pre-load, or preferential right ventricular volume loading. The enlarged right
ventricle compresses the left ventricle which may be interpreted as left ventricular
“hypoplasia”. The distorted left ventricular geometry resulting from right ventricular
compression does not predict the true or potential left ventricular volume [Phoon and
Silverman, 1997]. Examples of other conditions with apparent left ventricular “hypoplasia”
but normal aortic and mitral valves and normal ventricular volumes include total anomalous
pulmonary venous drainage, atrioventricular canal defect, arteriovenous malformations, and
almost any cause of severe pulmonary arterial hypertension (Fig. 1A, B—congenital
diaphragmatic hernia; Fig. 2A, B—total anomalous pulmonary venous drainage; Fig. 3A, B—
cerebral arteriovenous malformation) [Graham et al., 1972; Bove et al., 1975; Nakazawa et al.,
1977; Phoon and Silverman, 1997]. Indeed some patients with total anomalous pulmonary
venous drainage and right dominant atrioventricular canal defects appear to have apex-forming
right ventricles with left ventricular volumes that are less than 15 ml/m2. However, if potential
volumes are calculated (by taking into account the degree of left ventricular compression so
elegantly demonstrated by Phoon et al.) these correlate well with postoperative volumes which
are within the normal range [Phoon and Silverman, 1997], and autopsy studies of neonates
with total anomalous pulmonary venous drainage demonstrate normal left ventricular volume
[Bove et al., 1975; Rosenquist et al., 1985]. After surgical correction of the total anomalous
pulmonary venous drainage and resolution of the pulmonary hypertension, the left ventricle
resumes a normal shape, size and contour, and develops normally. [Graham et al., 1972;
Nakazawa et al., 1977; Phoon and Silverman, 1997]. Similar changes in left ventricular
morphology occur in other lesions that result in abnormal disproportion between the left and
right ventricle size [Phoon and Silverman, 1997; Van Son et al., 1997].

Similarly, in CDH, it seems likely that apparent left ventricular “hypoplasia”, especially in the
presence of a normal aortic and mitral valve, is due to compression of an under-filled pre-load
deficient left ventricle by the hypertensive right ventricle rather than true left ventricular
hypoplasia. Indeed, left ventricular mass, left ventricular size, aortic size, left ventricle to right
ventricle ratio, and aortic to pulmonary artery discrepancy do not predict postnatal outcome
in patients with CDH [Suda et al., 2000; Sokol et al., 2002, 2006].

In patients with CDH, it seems likely that severe lung hypoplasia and elevated pulmonary
vascular resistance, which cause marked right ventricular enlargement and the apparent left
heart “hypoplasia” are the real modifiers of outcome. Indeed, indicators of lung hypoplasia
such as branch pulmonary artery size, lack of branch pulmonary artery growth in utero, and
postnatal lung area to head circumference ratio may be better predictors of mortality and
morbidity than left ventricular volume [Cohen et al., 2002; Sokol et al., 2002, 2006]. Thus, the
morphology of the left ventricle in CDH is more likely to be related to the state of the pulmonary
vascular bed.

Lin et al. Page 6

Am J Med Genet C Semin Med Genet. Author manuscript; available in PMC 2010 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In patients with CDH it seems likely that severe lung hypoplasia and elevated
pulmonary vascular resistance, which cause marked right ventricular enlargement and
the apparent left heart “hypoplasia” are the real modifiers of outcome.

EXPERIMENTAL MODELS OF CDH
Cardiac defects similar to human CVMs have been reported in experimental studies following
exposure to the teratogenic herbicide, nitrofen, which induces CDH in rat fetuses [Momma et
al., 1992; Losty et al., 1998; Migliazza et al., 1999]. These animal studies, similar to the human
data mentioned above, indicate that ventricular septal defect, especially with an outflow tract
anomaly (conotruncal CVM) is the most frequent CVM associated with CDH. The
predominance of conotruncal CVMs in rat pups with CDH exposed to nitrofen [Migliazza et
al., 1999] is compelling. This argues against the simplistic notion that alterations in fetal blood
flow related to cardiac compression by the hernia are responsible solely for CVMs. There was
no increase in the relative proportion of bona fide HLHS in humans, though approximately 4%
of nitrofen-exposed rat fetuses with CDH had “aortic valve dysplasia” [Migliazza et al.,
1999].

INSIGHTS INTO CAUSATION
If a specific cardiac phenotype had been dramatically over-represented in cases with isolated
(nonsyndromic) CDH, such an association could be a major clue to errant developmental
pathways for CDH. As noted above, several studies have suggested that there is an increased
risk of conotruncal CVMs, but the strength of this association is modest [Greenwood et al.,
1976; Allan et al., 1996; Enns and Cox, 1998; Migliazza et al., 1999; Cohen et al., 2002; our
series]. The lack of a robust association in human studies does not preclude the existence of
common developmental genes, or weaken the hypothesis that CDH has genetic determinants.

MANAGEMENT GUIDELINES
Because the neonate with both CDH and CVM may have additional major malformations and
minor anomalies, a thorough evaluation should be undertaken. In addition to multi-organ
imaging, a genetic consultant may be useful to guide the diagnostic evaluation (e.g.,
chromosome testing vs. more sophisticated comparative genomic hybridization), especially
when dysmorphic facial features are observed. If a syndrome is identified prenatally the
information from the prenatal diagnostic team should be available to the postnatal specialists.
A multidisciplinary approach is essential.

When discussing outcome and prognosis, the family should be counseled about the institution-
specific experience in the management of CDH with CVM. Inferences should not be drawn
from the outcome of either lesion in isolation, and data from the literature should be applied
with caution. The family should be informed that survival is diminished even for relatively
simple CVMs in the presence of CDH, since the combination of CVM and CDH results in
poorer survival and increased complexity of management when compared to either defect in
isolation. This is best illustrated by isolated ventricular septal defect which is a well-tolerated
lesion, with less than 1% mortality for surgical correction and good long-term outcome.
However, VSD with CDH has been reported to carry a 60% mortality (though inclusion of
cases with syndromes and chromosome abnormalities could contribute to this 60-fold risk
increase) [Cohen et al., 2002; Graziano et al. 2005]. During a 23-year period at the Hospital
for Sick Children in Toronto, the survival for patients with CDH combined with any CVM was
45%, for a hemodynamically significant lesion 25%, and for a lesion requiring surgical
intervention only 15% [Adatia, 2004]. In general, interventions to stabilize and permit the
pulmonary vascular resistance to decrease and subsequently repair the CDH take priority over
cardiac surgical intervention. Cardiac diagnoses that would be exceptions include obstructed
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total anomalous pulmonary venous drainage and duct-dependent CVMs unresponsive to
PGE-1 infusion. Duct-dependent lesions that usually respond to PGE-1 infusion include
pulmonary atresia/critical pulmonic stenosis, interrupted aortic arch, severe coarctation, severe
aortic stenosis, and HLHS.

Baseline Testing
All patients with CDH should undergo a high quality diagnostic echocardiogram with Doppler
and color flow mapping as soon as the clinical condition permits. Even patients who have
undergone a prenatal examination should have a postnatal study since functional and anatomic
changes occurring with birth mandate a full postnatal study. Certain defects, such as coarctation
of the aorta, are difficult to diagnose prenatally. Patients with isolated CDH may share many
similarities in the prenatal echocardiogram to patients with isolated coarctation including left
ventricular to right ventricular disproportion, transverse arch and isthmus hypoplasia, and a
reversal of the interatrial shunt [Allan et al., 1996]. Although CDH and coarctation can occur
together, coarctation with CDH tends to be overdiagnosed prenatally. Postnatally, it may be
difficult to differentiate a coarctation of the aorta from isthmal hypoplasia with certainty,
especially in the presence of CDH because patients with pulmonary hypertension and right to
left ductal flow may have isthmal hypoplasia. However, resolution of the pulmonary
hypertension and ductal closure increases flow across the arch and isthmus resulting in normal
development. In contrast, coarctation of the aorta is a true malformation in which there is a
posterior shelf due to abnormal insertion of ductal tissue in the back wall of the aorta that
constricts progressively to create an aortic obstruction with ductal closure [Kappetein et al.,
1991]. It may be necessary to permit the ductus to close before an aortic coarctation can be
ruled in or out with certainty especially in patients with CDH. Patients with CDH and blood
pressure gradients from arm to leg after ductal closure should be followed closely for the later
development of coarctation.

Significance of the Foramen Ovale and Ductus Arteriosus
Persistence of the foramen ovale and ductus arteriosus are a normal part of early postnatal
adaptation and are not considered CVMs. However, their persistence has a profound, and often,
misunderstood influence on the outcome and management of the patient with CDH. An atrial
communication that permits intracardiac right to left shunting of blood has an important
survival benefit in patients with right ventricular dysfunction. Early observations in patients
with primary pulmonary arterial hypertension demonstrated prolonged survival in patients with
patent foramen ovale [Rozkovec et al., 1986]. The concept that systemic arterial desaturation
is well tolerated if cardiac output is adequate or improved is well accepted in the management
of congenital heart disease. This physiologic principle lies behind the rationale for fenestration
of the atrial septum to alleviate postoperative right ventricular dysfunction and in symptomatic
patients with pulmonary hypertension [Kerstein et al., 1995; Sandoval et al., 1998; Micheletti
et al., 2006]. Thus, cyanosis in CDH maybe beneficial when due to right to left atrial shunting.
Indeed, any neonate with CDH who develops increasing or fluctuating cyanosis should undergo
an echocardiogram to detect atrial shunting, using saline contrast if necessary.

Management should aim to maximize oxygen delivery and cardiac output indicated by a narrow
arteriovenous oxygen saturation difference or low serum lactate rather than an increase in
ventilator support or inspired oxygen concentration in response to a decreased systemic oxygen
saturation. Iatrogenic pulmonary damage has a profound effect on outcome in infants with
CDH and permissive ventilation strategies improve short and long term outcome [Bohn,
2002]. Unnecessary barotraumas may result if management is dictated by arterial oxygen
saturation alone.
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In contrast to an atrial level shunt which maintains systemic output after the onset of right
ventricular dysfunction or failure, a patent ductus arteriosus will decompress the pulmonary
circulation and relieve right ventricular after-load whenever the pulmonary vascular resistance
exceeds systemic vascular resistance. This may prevent right ventricular failure. Likewise,
closure of a PDA may precipitate right ventricular failure if the pulmonary vascular resistance
remains elevated. PGE-1 can reopen a closed ductus in patients with CDH and right ventricular
failure [Bohn, 2002; Buss et al., 2006]. The presence of an oximetric saturation difference
between upper and lower limbs can be regarded as physiologically beneficial rather than an
indication for escalation of therapy. Paradoxically, when the upper and lower limb saturation
difference decreases or disappears with ductal closure in the presence of a severely elevated
pulmonary vascular resistance, the patient is most at risk for acute right ventricular failure.
However, once the pulmonary vascular resistance has decreased, the presence of a PDA
shunting purely from left to right poses a hemodynamic burden and the PGE-1 infusion should
be discontinued. If the ductus fails to close spontaneously at this stage it should be obliterated
surgically or by using transcatheter techniques. Patients with a hypoplastic pulmonary vascular
bed do not tolerate even small left to right shunts and until the PDA is closed, medical
management is difficult and prolonged.

However, patients with right or left ventricular outflow tract obstruction will require support
with PGE-1 infusion to maintain ductal patency until a management plan can be executed. The
combination of transposition of the great arteries with CDH and poor mixing may require a
balloon atrial septostomy.

Cardiac Surgery
Cardiac surgical intervention in a patient with a co-existing CDH and CVM is usually delayed
until the pulmonary vascular resistance has decreased to acceptable levels. Cardiac
catheterization can be extremely useful even for the evaluation of CVMs that would not
routinely undergo cardiac catheterization and angiography prior to repair. Since CVM outcome
is exquisitely dependent on pulmonary vascular resistance, hemodynamic measurements in
response to inhaled nitric oxide may be needed. However, management decisions should take
into account the uneven distribution of pulmonary blood flow in patients with all but mild
diaphragmatic hernias. Patients with CDH with hypoplastic pulmonary vascular beds do not
tolerate the increased flow associated with an intracardiac shunt. A decline in pulmonary
vascular resistance may cause symptoms out of proportion to the shunt. These patients may
benefit from surgical correction of even anatomically small lesions.

Patients with CDH and a functional single ventricle, such as tricuspid atresia or mitral atresia,
have a poor prognosis and present unique challenges [Gaynor et al., 2002; Stasik et al.,
2006]. Creating a stable source of pulmonary blood flow is essential to neonatal palliation.
Sufficient pulmonary blood flow to provide adequate systemic oxygen saturation is important
for somatic and pulmonary vascular growth and development. However, the surgically created
or modified source of pulmonary blood flow (e.g., modified Blalock-Taussig shunt or right
ventricle to pulmonary artery shunt as part of the modified Norwood procedure or pulmonary
artery banding) should be restrictive enough to permit remodeling of the pulmonary
vasculature. The pulmonary vascular resistance should decrease to levels that permit
subsequent palliation. Understandably, performing a single ventricle palliation in a patient with
an elevated or markedly fluctuating pulmonary vascular resistance represents significant short
and long term management challenges in an already challenging group of patients. However,
one of the authors (I.A.) has cared for a patient with mitral atresia and double outlet right
ventricle who survived atrial septectomy and pulmonary artery banding, and had sufficient
reduction of pulmonary vascular resistance at 4 months of age to permit a second palliative
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procedure with bidirectional cavopulmonary anastomosis [Adatia, 2004]. Thus, each case must
be assessed individually.

Late Cardiac Followup
All patients with CDH who survive the neonatal period, with or without a CVM, often have
complex medical and social needs and are served best by frequent evaluations in a
multidisciplinary clinic that should include a pediatric cardiologist. Defects such as coarctation
of the aorta, mitral stenosis, subaortic stenosis, and cor triatriatum may progress. Late
intervention may be required for atrial septal defect and persistent ductus arteriosus. In addition,
a few patients will have ongoing problematic pulmonary vascular disease and require therapy
from cardiologists skilled in the drug therapy of pulmonary artery hypertension.

All patients with CDH who survive the neonatal period, with or without a CVM, often
have complex medical and social needs and are served best by frequent evaluations
in a multidisciplinary clinic that should include a pediatric cardiologist.

SUMMARY
The association of CDH with CVMs is important because of the clinical, genetic, and
developmental implications. A careful evaluation for other congenital anomalies and
underlying syndromes should be undertaken. When CVMs are present, the acute management,
estimations of prognosis, and genetic counseling are clearly influenced.

An extensive reviewof the literature (Table III) and new data (Table II) show that CVMs occur
in 11–15% of CDH without a recognizable genetic syndrome. Septal defects were the most
common type of CVM in many series, but in a proportion similar to the general population.
Conotruncal CVMs were inconsistently more common in patients with CDH, but this potential
association merits further attention in light of its existence in animal studies. Left ventricular
outflow tract obstructive defects also may be more common, but a rigorous definition of this
group is needed in future studies. Available data suggests that the combined presence of CVM
and CDH result in a poorer prognosis than would be expected with either malformation in
isolation. However, the impact on these survival data from patients with a malformation
syndrome or other genetic etiology has not been consistently evaluated, and we encourage
researchers to re-analyze existing series and ensure that future studies distinguish CDH which
is isolated from that which is associated with other malformations, especially as part of genetic
syndromes. Therapies should be tailored to maximize cardiac output and systemic oxygen
delivery rather than systemic oxygen saturation alone. When the pulmonary vascular resistance
is greater than the systemic vascular resistance the ductus arteriosus unloads, the right ventricle
and ductal closure may precipitate acute right ventricular failure. Thus, persistence of the atrial
foramen ovale and the ductus arteriosus may be helpful to maintain cardiac output at the
expense of cyanosis. Reopening the ductus with PGE-1 infusion may salvage the CDH patient
with suprasystemic pulmonary artery hypertension and right ventricular failure Although there
is speculation about the frequency of isolated left ventricular “hypoplasia”, we suggest that in
most cases it results from compression of a pre-load deficient left ventricle by the hypertensive
right ventricle, and unlike true hypoplasia is reversible. Irrespective of the type of severity of
CVMs in patients with CDH, the degree of pulmonary hypoplasia and pulmonary vascular
disease predicts outcome.

Survival for patients with isolated CDH has improved dramatically [Bohn, 2002], even with
differing approaches to treatment [Azarow et al., 1997; Wilson et al., 1997]. Current
management strategies permit survival of more severely affected cases, but in contrast to
patients from earlier cohorts [Trachsel et al., 2006], serious late morbidity is recognized
increasingly [Chiu et al., 2006]. The occurrence of CDH with a CVM adversely affects both
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early mortality and later morbidity, so must be taken into account when planning the medical
and/or surgical management of a neonate who has both CDH and a CVM, and when discussing
prognosis and treatment options with the family.
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Figure 1–3.
This series of four-chamber two-dimensional echocardiographic images compares the
disproportion between right ventricle and left ventricle in congenital diaphragmatic hernia (Fig.
1A, B); total anomalous pulmonary venous drainage (Fig. 2A, B); and cerebral arteriovenous
malformation (Fig. 3A, B) in systole (Fig. 1,2,3A) and diastole (Fig. 1,2,3B). The enlarged
apex-forming right ventricle compresses the left ventricle. The left ventricle in these conditions
differs from true HLHS because the aortic and mitral valves are morphologically normal, and
when pulmonary hypertension resolves, the left ventricle assumes a normal shape and volume.
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TABLE II

New Patients With Isolated Bochdalek Congenital Diaphragmatic Hernia Associated With CVMs from the
Brigham-Women’s Hospital (BWH), Boston, 1972–2002. CVM Frequency Compared to Population-Based
Studies

Type of CVMa

Study

BWH
BWIS, Ferencz et al.,

1997 Calzolari et al., 2003
Comparison of BWH
and Calzolari et al.

Hospital-based surveillance

Population-based
surveillance, USA

includes syndromes

Population-based
surveillance, Italy

excluding
chromosome and

“recognized”
syndromes

Chi square analysis, P-
value

No. (%) No. (%) No. (%)

Total CDH 203 Not applicable Not applicable

Total CVMs 23 (11) 4304 1328

“Early” CVMs (developmental error <4 weeks gestational age)

Single ventricle 1 (4) 18 (0.4) 43 (3) DILV ND

Conotruncal CVMs 5 (22) all types 670 (16) all types 205 (15) all types NS, ≤1

1TOF

4 DORV

2 with HLHS/MA

1 with AVC

Atrioventricular canal defects 1 canal-type VSD (4) 320 (7) all types 24 (2) all types ND

“Later” CVMs (developmental error >4 weeks gestational age)

LVOTO CVMs 3 (13) 587 (14) all types 120 (9) all types NS, ≤1

2 coarctation

1 possible HLHS

RVOTO CVMs 0 427 (10) all types 97 (7) all types ND

ASD, VSD, ASD+/− VSD 13 (56) 1186 (28) 634 (48) NS, ≤1

TAPVR/PAPVR 0 68 (2) 11 (1) TAPVR ND

a
Cardiovascular malformation excludes isolated patent ductus arteriosus, dextrocardia/dextroposition, patent foramen ovale, functional anomalies

(valve regurgitation, ventricular hypertrophy); cardiomyopathy, ectopia cordis/Pentalogy of Cantrell, inferior vena cava/pulmonary artery
compression, pericardial defect.

ASD, atrial septal defect; AVC, atrioventricular canal; BWIS, Baltimore-Washington Infant Study; CDH, congenital diaphragmatic hernia; CHD,
congenital heart defect; DILV, double inlet left ventricle; HLHS, hypoplastic left heart syndrome; LVOTO; left ventricular outflow tract obstruction;
MA, mitral atresia; ND, not done if number of cases too small; NS, not significant; RVOTO, right ventricular outflow tract obstruction; TAVPR/
PAPVR, total/partial anomalous pulmonary venous return; TOF, tetralogy of Fallot; VSD, ventricular septal defect.
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