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Abstract

Current recurrence risk counseling for conotruncal cardiac defects (CTD) is based on empiric
estimates from multiple studies. We examined the risk of congenital heart disease (CHD) in
relatives of probands with CTDs to assist in counseling practices in the current era. 1,620
probands with CTDs and no reported chromosomal or genetic abnormalities were recruited
sequentially. A three-generation pedigree was obtained for each proband by a genetic counselor
detailing the presence and type of CHD in each family member. Risks and 95% confidence
intervals (CI) were calculated for subgroups of relatives based on degree of relationship for all
probands and by individual lesion of the proband. For pairs of affected relatives, concordance
rates were calculated. Severity of CHD in the affected relative was assessed. The risk of CHD was
higher in siblings (4.4%, 95% CI 3.4-5.4) than in parents (1.5%, 95% CI 1.1-1.9). Risk varied by
the cardiac lesion of the proband with the highest risk in first-degree relatives of probands with
tetralogy of Fallot and the lowest in D- transposition of the great arteries. 39% of affected parents
and 69% of affected siblings had a concordant lesion (i.e. CTD). Most affected siblings of
probands with severe CTDs had complex defects (58%), whereas very few affected parents had
complex defects (20%). These data suggest that recurrence risk varies by lesion and relationship,
with substantial concordance observed by cardiac lesion and complexity of disease, particularly
among siblings. These findings contribute to risk counseling in the current era.
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INTRODUCTION

Congenital heart disease (CHD) is a common birth defect occurring in 4-8 per 1000 live
births [Ferencz et al., 1985; Dolk et al., 2011; Bjornard et al., 2013]. The cause of most
CHDs has yet to be determined, though multiple genetic and environmental causes have
been implicated [Nora, 1968; Pierpont et al., 2007; Blue et al., 2012]. Although rare families
exhibit Mendelian patterns of inheritance [Schott et al., 1998; Liu et al., 2011], most familial
cases of CHD appear to be inherited as complex traits.

Numerous studies have investigated the patterns of familial risk for CHD [Nora and Nora,
1978; Boughman et al., 1987; Oyen et al., 2009]. Current recurrence risk counseling for
CHD is based on empiric estimates of 3-4% in siblings of affected patients and 4-10% in
offspring of affected parents, with specific risk figures varying by the CHD sub-group [Rose
et al., 1985; Nora and Nora, 1988; Whittemore, 1988; Burn et al., 1998; Gill et al., 2003].
For example, recurrence risks have been observed to be highest in the sub-group with left-
sided cardiac defects as compared to other forms of CHD [Hinton et al., 2007]. Among
cases with conotruncal defects (CTD), studies suggest that recurrence risks vary by
individual lesion, with higher risks for relatives of patients with tetralogy of Fallot than for
relatives of patients with transposition of the great arteries [Ferencz et al., 1985; Digilio et
al., 1997; 2001].

Given the limited number of families and phenotypic description of CTDs included in
previous studies, it has been difficult to provide accurate recurrence risk estimates to
families of probands with CTDs. Consequently, current recurrence risk counseling for CTDs
remains largely non-specific. In addition, recurrence risk estimates in current use are largely
based on data collected in the 1980s. Such estimates may not be accurate in the current era
of folic acid fortification in grains and maternal use of preconceptual folic acid
supplementation, given that such practices have decreased the rates of neural tube defects
but have not been as thoroughly studied in CHD [Botto et al., 2000]. Similarly, risk
estimates may be different with higher detection rates of CHD with fetal echocardiography
and increased numbers of adults with CHD surviving to reproduce [Friedberg et al., 2009;
van der Bom et al., 2011; Blue et al., 2012; Levy et al., 2013]. The purpose of this study was
to estimate the risk of CHD in relatives of patients with CTDs in the current era, and to
assess whether specific subtypes of CTDs influence risk in first-degree relatives, in an effort
to contribute to current recurrence risk counseling practices.

MATERIALS AND METHODS

Patients

Between January 1994 to February 2010, 1,993 patients with CTDs were consecutively
invited to participate in a study of the genetic basis of congenital heart disease conducted in
the Cardiac Center at The Children’s Hospital of Philadelphia. Although variable by year,
average recruitment was 86% of all subjects approached. The study was approved by the
Institutional Review Board for the Protection of Human Subjects at The Children’s Hospital
of Philadelphia. A total of 1,620 patients with a CTD and no known genetic abnormalities at
the time of recruitment agreed to participate in the study. The majority of probands (h=1495,

AmJ Med Genet A. Author manuscript; available in PMC 2015 September 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peyvandi et al.

Page 3

92%) were tested for a 22q11.2 deletion by fluorescence in-situ hybridization (FISH),
multiplex ligation dependent amplification (MLPA) or microarray as previously described
[Goldmuntz et al., 1998; Vorstman et al., 2006] and all were negative for this deletion.
Among the remaining 127 (8%) of probands there was no clinical evidence of a genetic
syndrome at the time of recruitment. A genetic counselor obtained a three-generation
pedigree from each proband at the time of recruitment, detailing the presence or absence of
CHD in each family member. Spontaneous miscarriages and elective terminations were
documented in the pedigree but were excluded from these analyses.

Classification of CHDs in probands and relatives

Each proband was confirmed to have a CTD by review of all available medical records
including echocardiography, cardiac MRI, cardiac catheterization and/or operative notes.
CTDs were defined as abnormalities of the outflow tracts [Kirby et al., 1985; Nishibatake et
al., 1987; Guo et al., 2011] and included tetralogy of Fallot (TOF), ventricular septal defects
(VSD; including conoventricular or perimembranous, conoseptal hypoplasia or sub-arterial,
and posterior malalignment type VSD), truncus arteriosus (TA), interrupted aortic arch
(IAA; including type A and B), D- and L- transposition of the great arteries (D-, L- TGA),
double outlet right ventricle (DORV), isolated aortic arch anomaly (AAA), double inlet left
ventricle with malposed great arteries, and tricuspid atresia with malposed great arteries.
Anatomic descriptions of the CTDs have been previously detailed [Peyvandi et al., 2013].

Affected relatives of probands were classified by the concordance or discordance of their
defect with the proband’s. Lesions were considered concordant when the affected relative
had a CTD and discordant when the affected relative had a CHD other than a CTD.

In addition, the severity of CHD was assessed in the affected first degree relatives based on
the 2008 ACC/AHA guidelines on the Care of the Adult with Congenital Heart Disease
[Warnes et al., 2008]. Specifically, lesions that are mild or largely curative were considered
“simple” (atrial septal defects, ventricular septal defects, isolated pulmonary valve stenosis,
bicuspid aortic valve, patent ductus arteriosus, and isolated aortic arch anomalies), whereas
other lesions were considered complex (TOF, TA, DORV, D- and L- TGA, IAA, coarctation
of the aorta and hypoplastic left heart syndrome).

Statistical Analysis

The risk of CHD and its accompanying 95% confidence interval (Cl) was calculated for first
(parents, siblings), second (aunts, uncles) and third (first cousins) degree relatives. In
addition, the risk to parents and siblings were calculated separately for male and female
relatives. Where applicable, risks were calculated using data from all relatives within a class,
i.e. both those born before and those born after the proband. Risks were calculated for the
relatives of all probands with CTDs as well as for the relatives of probands with specific
cardiac lesions. Concordance rates were calculated as the proportion of proband-affected
relative pairs with or without a CTD.
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RESULTS

The study cohort included 1,620 probands with a slight male predominance (59%). The
majority of probands were non-Hispanic white (74%). The mean age at the time of
recruitment was five years. A range of CTDs was represented among the probands with the
most common lesion being TOF (34%) (Table I).

A total of 4,950 first-degree relatives (3,238 parents and 1,712 siblings), 6,738 second-
degree relatives and 8,246 third-degree relatives were included in the analysis. The risk of
CHD was higher in siblings (4.4%, 95% CI 3.4-5.4) than in parents (1.5%, 95% CI 1.1-1.9)
with no apparent difference by gender in the relative. Risks in second and third degree
relatives were lower as compared to first-degree relatives (0.8%, 95% CI 0.6-1.1 and 0.9%,
95% CI 0.7-1.2 respectively) (Table I1). Risk of CHD in parents and siblings varied with the
proband’s cardiac anatomy. Among the relatives of probands with the most common lesions
(TOF, VSD, D-TGA), risk was highest for first-degree relatives of probands with TOF
(2.1% among parents and 6.4% among siblings) and lowest for D-TGA (0.16% among
parents and 1.38% among siblings) (Table I11).

Overall, among the affected parents of probands with CTDs, 39% had a concordant lesion
(i.e. CTD) whereas 69% of affected siblings had a concordant lesion. Similar patterns were
also observed for individual lesions. For example, of the 38 affected siblings of probands
with TOF, 28 (74%) had a concordant CTD, the majority (n=17) of which also had TOF.

The severity of CHD in affected parents and siblings was examined. Probands with simple
defects (VSD and AAA) were analyzed separately from those with complex CTDs. Most
affected siblings of probands with complex CTDs had complex defects (58%), whereas very
few affected parents had complex defects (20%). Affected parents and siblings of probands
with simple defects (VSD and AAA) also had simple defects (57% of affected parents and
72% of affected siblings) (Table IVa, 1Vb).

DISCUSSION

Our results indicate that the risk of CHD in a sibling or parent of an affected proband with a
CTD is elevated as compared to the general population, consistent with previous literature
[Nora and Nora, 1988; Hinton et al., 2007; Blue et al., 2012]. However, our large cohort of
patients with phenotypically well-characterized CTDs enabled us to identify particular
lesions that influence risk in first-degree relatives in the current era, thus updating and
assisting in recurrence risk counseling.

In our cohort, risk of CHD varied by the relationship to the proband. Risk in first-degree
relatives was much higher as compared to that observed in second and third degree relatives.
The steep decline in risk for second and third degree relatives may reflect under-reporting of
CHD in more distant relatives. Furthermore, the slightly higher risk seen in third-degree
relatives (cousins) than in second-degree relatives (aunts/uncles) may reflect survival bias in
younger generations and less knowledge about conditions in older generations.
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Previous studies have evaluated recurrence risk among sub-groups of CHD and individual
lesions. For example, the Baltimore-Washington Infant Study (BWIS) classified CHD into
sub-categories based on embryologic similarities including conotruncal defects and flow
lesions (right and left heart obstruction) [Boughman et al., 1987; Maestri et al., 1988]. They
found marked differences in precurrence risk rates between sub-categories with the highest
precurrence risk in flow lesions. Other studies have identified higher recurrence risks for
individual lesions such as TOF and VVSD and lower rates for TGA [Digilio et al., 1997;
2001; Loffredo et al., 2004; Meijer et al., 2005; Calcagni et al., 2007]. Our study observed
similar variable risks based on individual lesions. Among the most common lesions, risk
was highest in TOF and lowest in D-TGA. Less common lesions such as TA and IAA had
risk profiles similar to that of TOF. These findings suggest a potential pattern of recurrence
risk where lesions with normally related great arteries demonstrate higher risk in relatives as
compared to those with transposed great arteries. Of interest, although DORV is
anatomically similar to TGA with malposed great arteries, observed risk patterns in relatives
of probands with DORV were similar to those seen in TOF and VSD. However, the sample
size of probands with DORYV is relatively small, limiting our ability to conclude whether
their risk profile is closer to that of TOF or TGA.

Just as recurrence risk varies by individual lesions among CTDs, an increasing body of data
suggests etiologic differences between subgroups of CTDs. In particular, while DORV and
TGA represent abnormalities of the outflow tracts and are thus classified as CTDs, an
increasing body of evidence suggests that a subset of these lesions may share a genetic basis
with laterality disorders [Goldmuntz et al., 2002; Chhin et al., 2007; Obler et al., 2008; De
Luca et al., 2010; D’Alessandro et al., 2013]. In contrast, DORV and TGA are rarely seen in
the context of a 22g11.2 deletion, while CTDs with normally related great arteries (e.g.
TOF, 1AA, VSD, TA, AAA) are commonly seen [Goldmuntz et al., 1998; Peyvandi et al.,
2013].

Recurrence Risk Counseling

Although risk of CHD was elevated for both parents and siblings as compared to the general
population, risk of CHD was higher among siblings as compared to parents for all CTDs. In
addition, concordant defects (i.e. CTD) were more often seen among affected siblings than
parents. In fact, most affected parents had simple CHD regardless of the proband lesion,
whereas siblings tended to have similar complexity of CHD to the proband. The discordance
between parents and their offspring, and the lower frequency of affected parents as
compared to siblings may reflect survival bias and reproductive fitness. Simple defects may
be more common in the current population as compared to future generations of affected
parents given medical and surgical advances. Of note, the specific parental CHD diagnosis
was not always available, and thus either category (simple or complex) may have been
underrepresented among the affected parents; the apparent discrepancy between sibling and
parental CHD must therefore be interpreted with caution.

These findings contribute to the body of literature assessing recurrence risk in the current
era. Based on our data, subsequent siblings of children with CTDs are at higher risk of
having CHD as compared to the general population. This is particularly true for lesions such
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as TOF and VSD. Although the risk of CHD in siblings of patients with TGA appears to be
lower, it is slightly higher than the risk of CHD in the general population. In addition, it
appears that the complexity of CHD in a subsequent sibling tends to parallel that of the
proband, though further studies are required to confirm this finding.

Study Limitations and Conclusions

Our study is limited by the fact that it is a hospital rather than population-based study, and
by the overall size of the study cohort. Although our study is hospital-based, the distribution
of lesions within our CTD cohort is similar to that of the population-based National Birth
Defects Prevention Study (NBDPS) [Botto et al., 2007], suggesting that findings from this
study are likely to be broadly applicable to the general population of CTDs. In addition
given the high rate of detection of CHD in the current era, that we are a referral center for
CHD, and that all CTDs (other than some VSDs) undergo cardiac surgery, the study cohort
is representative of cases seen by pediatric cardiologists and genetic counselors. Despite the
potential bias of ascertainment, these data contribute to the field in that: (1) the NBDPS has
not published family history data, and (2) although Oyen et al recently published a
population-based study from Scandanavia assessing risk of CHD in general for first, second
and third- degree relatives, they reported lesion-specific recurrence risk ratios, whereas our
study provides lesion-specific risks, a more straightforward statistic when counseling
families [Oyen et al., 2009]. Although the presence of CHD was not confirmed by
diagnostic methods or review of medical records in most relatives of probands, the pedigree
was ascertained by a trained genetic counselor rather than from the medical record. Finally,
we do not assess how risk is influenced when more than one family member is affected with
CHD or whether birth sequence presents a bias when assessing recurrence risk in siblings.
Given the relatively small number of affected siblings in our cohort, we provided an overall
estimate of risk, rather than less precise estimates of risk for earlier and later born siblings.
However, the sibling recurrence risk reported here may be underestimated if couples alter
their desired family size following the birth of a child with CHD.

In summary, as in other studies, our findings suggest that CTDs are complex traits with non-
Mendelian patterns of inheritance where multiple genetic and/or environmental factors
contribute to disease risk [Ferencz et al., 1997; Guo, 2000; Pierpont et al., 2007; Jenkins et
al., 2007; Botto et al., 2007; Oyen et al., 2009; Blue et al., 2012]. Recurrence risk appears to
vary by lesion and relationship, with substantial concordance observed both by cardiac
lesion and complexity of disease. These results are derived from a well-phenotyped cardiac
cohort and well-described pedigrees, and thus contribute to recurrence risk counseling in the
current era of folic acid fortification and increased survival of affected cases to reproductive
age. Future larger studies should address the complexity of disease in recurrence of CHD
and should be repeated as adults with more complex CHDs survive to reproduce.
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Table |
Characteristics of Probands with CTDs (n= 1620)

Conotruncal Defects Number (%)
Tetralogy of Fallot 550 (34.0)
Ventricular Septal Defect” 339 (21.0)

D-Transposition of Great Arteries 304 (18.7)
Double Outlet Right Ventricle 134 (8.3)
Isolated Aortic Arch Anomaly 84 (5.2)
L-Transposition of Great Arteries 66 (4.1)
Truncus Arteriosus 51(3.1)

Interrupted Aortic Arch™ 41 (2.5)

Double Inlet Left Ventricle™™™ 28 (1.7)

Tricuspid Atresia™™* 22(1.3)

TGA-not otherwise specified 1(0.1)
Gender

Male 951 (58.7)

Female 669 (41.3)
Race

White 1194 (73.7)

Black 196 (12.1)

Asian 53 (3.3)

American Indian 12 (0.7)

Native Hawaiian/Pacific Islander 1 (0.1)
Other 64 (4.0)
Unknown 100 (6.1)

*
Includes conoventricular, posterior malalignment and conoseptal hypoplasia type ventricular septal defect.

* %
Includes interrupted aortic arch type A and B.

*k %k
Double inlet left ventricle and tricuspid atresia with malposed great arteries

CTDs, conotruncal defects
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Risks of CHD for relatives of probands with conotruncal defects

Table Il

Relationship to Proband  # Affected/Total Risk % (95% CI)

Parents 49/3238 1.5 (1.1-1.9)
Mother 23/1621 1.4 (0.8-2.0)
Father 26/1617 1.6 (1.0-2.2)

Siblings 7511712 4.4(3.4-54)
Brother 39/381 4.4 (3.2-5.9)
Sister 36/831 43(2.9-5.7)

27 Degree Relative 56/6738 0.8 (0.6-1.1)

3'd Degree Relative 78/8246 0.9 (0.7-1.2)

CHD, congenital heart disease
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Table IVa

Severity of CHD in affected first-degree relatives of probands with complex conotruncal defects.

CHD severity in affected relative

Affected Relative  Simple  Complex  Unknown/Other
Parent (n=35) 16 (46%) 7 (20%) 12 (34%)
Sibling (n=59) 20 (34%) 34 (58%) 5 (8%)
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Table IVb

Severity of CHD in affected first-degree relatives of probands with simple conotruncal defects.

CHD severity in affected relative

Affected Relative  Simple  Complex  Unknown/Other
Parent (n=14) 8 (57%) 1 (7%) 5 (36%)
Sibling (n=14) 10 (72%) 3 (21%) 1 (7%)

CHD, congenital heart disease; Simple defects included atrial septal defects, ventricular septal defects, isolated pulmonary stenosis, isolated
bicuspid aortic valve, patent ductus arteriosus, isolated aortic arch anomalies; Complex defects included tetralogy of Fallot, truncus arteriosus,
double outlet right ventricle, D- and L- transposition of the great arteries, interrupted aortic arch, coarctation of the aorta, and hypoplastic left heart
syndrome.
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