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Abstract

The left ventricular outflow tract (LVOTO) malformations, aortic valve stenosis (AVS), coarctation
of the aorta (COA), and hypoplastic left heart (HLH) constitute a mechanistically defined subgroup
of congenital heart defects that have substantial evidence for a genetic component. Evidence from
echocardiography studies has shown that bicuspid aortic valve (BAV) is found frequently in relatives
of children with LVOTO defects. However, formal inheritance analysis has not been performed. We
ascertained 124 families by an index case with AVS, COA, or HLH. A total of 413 relatives were
enrolled in the study, of which 351 had detailed echocardiography exams for structural heart defects
and measurements of a variety of aortic arch, left ventricle, and valve structures. LVOTO
malformations were noted in 30 relatives (18 BAV, 5 HLH, 3 COA, and 3 AVS), along with
significant congenital heart defects (CHD) in 2 others (32/413; 7.7%). Relative risk for first-degree
relatives in this group was 36.9, with a heritability of 0.71-0.90. Formal segregation analysis suggests
that one or more minor loci with rare dominant alleles may be operative in a subset of families.
Multiplex relative risk analysis, which estimates number of loci, had the highest maximum likelihood
score in a model with 2 loci (range of 1-6 in the lod-1 support interval). Heritability of several aortic
arch measurements and aortic valve was significant. These data support a complex but most likely
oligogenic pattern of inheritance. A combination of linkage and association study designs is likely
to enable LVOTO risk gene identification. This data can also provide families with important
information for screening asymptomatic relatives for potentially harmful cardiac defects.
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INTRODUCTION

Congenital heart defects (CHD) are among the most common birth defects, affecting 8-
10/1,000 live born infants [Botto et al., 2001; Hoffman and Kaplan, 2002], and are a leading
cause of infant mortality [Arias et al., 2003]. The etiology for the majority of these defects is
unknown, but both environmental and genetic factors are likely involved in the pathogenesis
[Nora, 1993; Burn and Goodship, 1996]. Many structural malformations of the heart occur in
the context of more complex birth defect syndromes or as the result of chromosomal disorders
[Ferenczetal., 1989; Ferencz, 1993]. Approximately three-fourths of cases occur without other
obvious disturbances in other developmental fields, however, and are largely sporadic.
Complex genetics combined with the traditional classification of the cardiac malformations by
their physiology and anatomy has made investigation of the genetic component of CHD
difficult.

Classification of CHD into groups based on the suspected developmental mechanism may help
in uncovering the genetic components [Clark, 1996]. The left ventricular outflow tract
(LVOTO) obstruction malformations consist of an anatomically varied set of defects across a
wide spectrum of clinical severity, including aortic valve stenosis (AVS), bicuspid aortic valve
(BAV), coarctation of the aorta (COA), hypoplastic left heart (HLH), Shone complex, and
interrupted aortic arch type A (IAAA). Left-sided flow abnormalities account for ~14% of
CHD. Rates of isolated LVOTO malformations in Texas for the years 1996-2000 were
7.38/10,000 live births (Kim L. McBride, MD Texas Department of Health unpublished data,
2004). Rates are higher in Europeans compared to Africans and Asians [Botto et al., 2001;
Pradat et al., 2003], and there is a relatively consistent excess in males compared to females
(ratio 1.5-3) [Muir, 1966; Ferencz, 1993; Samanek, 1994]. The observed sibling recurrence
risk for these defects is 1.8-3.2 [Laursen, 1980; Dennis and Warren, 1981; Briard et al.,
1984; Maestri et al., 1988; Nora and Nora, 1988]. The paternal recurrence risk is ~3%, while
the maternal risk is substantially higher, varying from 8% to 13% [Zetterqvist, 1977; Laursen,
1980; Dennis and Warren, 1981; Briard et al., 1984; Ferencz, 1986; Nora and Nora, 1988;
Whittemore et al., 1994].

BAV may be the most common CHD with studies in healthy adults indicating a prevalence of
0.9% [Roberts, 1970; Gray et al., 1995]. This anatomic variant is generally asymptomatic but
constitutes an important risk factor for subacute bacterial endocarditis and late onset aortic
valve calcification/stenosis in adults [Ward, 2000]. The ~5.5-fold excess of BAV in first-degree
relatives of LVOTO cases [McBride et al., 2004] probably represents a mild manifestation of
the disease trait and thus, implicates epistasis, environmental factors, or stochastic factors in
the expression of severe LVOTO defects.

Accumulating evidence from multiple sources supports a strong genetic involvement in the
causation of these defects. This includes multiple case reports detailing recurrences of AVS,
COA, and HLH within families [Kojima et al., 1969; Beekman and Robinow, 1985; Menahem,
1990; Grobman and Pergament, 1996; Stoll et al., 1999], high incidence among the
chromosomal defects, Turner syndrome (45,X) and Jacobsen syndrome (11g23del) [van
Egmond et al., 1988; Mazzanti and Cacciari, 1998; Grossfeld et al., 2004], and occurrence in
single gene disorders, such as Holt-Oram syndrome (TBX5) [Basson et al., 1997] and ZIC3
[Ware et al., 2004].

Recent family studies have further elucidated the phenotype of LVOTO malformations, by
making use of improvements in echocardiography [Huntington et al., 1997; Loffredo et al.,
2004]. Brenner et al. [1989] were the first to note increased frequency of asymptomatic
individuals with BAV in families identified by an affected infant with HLH. We have expanded
and confirmed the increased incidence of BAV in families with any of the LVOTO
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malformations, adding further evidence for a genetic etiology and highlighting phenotypic
heterogeneity and the importance of searching for mild or asymptomatic anatomical defects
among these families [McBride et al., 2004].

Formal analyses of the inheritance pattern in LVOTO malformations have not been performed
previously. The widespread availability of echocardiography, its non-invasive nature, and the
improvement in technical capabilities allowed use of this modality to study the phenotype of
LVOTO families in detail. Our aims were to: (1) define the inheritance pattern by segregation
analysis, if possible; (2) provide an estimate of the number of genes involved; and (3) identify
quantitative measures of various heart and great vessel structures with high heritability. This
information will be critical in the design and power analysis for future gene mapping and
identification studies.

Ascertainment

The families were ascertained during the time period June 1998 to June 2003 through children
seen at Texas Children’s Hospital, which receives almost all of the serious cases of CHD in
Southeast Texas (single ascertainment). In a few cases, families were referred from outside
institutions after contact was made to our research team. We identified children under the care
of our practice group in the Department of Pediatric Cardiology and the Texas Children’s
Hospital to identify index cases (probands). Identified cases and their families were approached
for enrollment into the study. Informed consent was obtained through a protocol approved by
the Baylor College of Medicine Institutional Review Board. Each enrolled family was
interviewed in person for detailed information on the prenatal course, the diagnosis, and family
history. Additional clinical information was obtained through review of the medical records.
Most of the probands in this study have been reported previously [McBride et al., 2004], with
this study including 11 more families and 131 more relatives.

Index cases were included if they had a non-syndromic diagnosis of AVS, BAV, COA, HLH,
or Shone complex. AVS was defined as a critical narrowing or atresia of the aortic valve at the
level of the valve. Narrowing of the outflow tract above (supravalvar) or below (subvalvar),
the valve was not included. BAV was defined as a bileaflet aortic valve. COA was defined as
a discrete narrowing of the aorta at the level of the ductus arteriosus. Index cases with COA
could also have a BAV or a ventricular septal defect. HLH was defined as AVS or atresia,
mitral valve stenosis or atresia, hypoplastic left ventricle, and hypoplasia of the ascending arch.
Shone complex was defined as multiple areas of narrowing, including mitral atresia, aortic
atresia, and COA. Diagnoses were confirmed by echocardiography, cardiac catheterization, or
open cardiac surgery.

Phenotypic Evaluation by Echocardiography

All available first-degree relatives were approached for echocardiography. Siblings under the
age of 5 were included if an echocardiography exam could be obtained without sedation. If
abnormalities were found in the parents of the index case, we attempted to enroll the first-
degree relatives of the parents. Echocardiography was free of charge to all participants, with
billing covered by research funding and not insurance companies.

Echocardiographic examinations were performed using commercial ultrasound systems
(Acuson Sequoia, Siemens Medical, Mountain View, CA, or GE Vivid 7, General Electric
Ultrasound, Milwaukee, WI1) by a trained pediatric cardiac echo sonographer, a pediatric
cardiology fellow, or a pediatric cardiologist. Data were obtained by two-dimensional, spectral
Doppler and color flow Doppler imaging. Examinations included M mode measurements of a
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variety of left ventricle dimensions in diastole and systole, measurements at various locations
in the aortic arch, and real time studies of the aortic, mitral, pulmonic, and tricuspid valves.
Echocardiograms were recorded both digitally (Echo Vacs 2.30 SP3, VMI Medical, Ottawa,
Ontario, Canada) and on 1/2-inch VHS videotape and were subsequently analyzed by use of
either internal echocardiographic system software (Acuson Sequoia, Siemens Medical or GE
Vivid 7, General Electric Ultrasound) or directly from the stored digital images. A board
certified pediatric echocardiographer read all studies. A select, random proportion of the studies
were overread by a second pediatric echocardiographer; no changes in interpretation were made
in the 55 studies reviewed.

Statistical Analysis

All general statistical analysis and data management were performed in Stata 8.2 (Stata
Corporation, College Station, TX). The Bonferroni correction was used in all instances of
multiple testing.

Segregation Analysis

The segregation analysis was performed using the multivariate logistic regression model of
Karunaratne and Elston [1998], in the SEGREG program from the S.A.G.E. 4.4 software
package (Statistical Solutions, Cork, Ireland). Multivariate logistic models allow for better
correction in single ascertainment study designs of binary outcomes, as the order of the relatives
does not affect the likelihood calculations.

Six models were constructed by postulating three different types of individuals (AA, AB, BB)
and three different transmission possibilities (taa, tag, and tgg) that describe the probability
that a parent of a given type transmits the disease causing *‘factor’” A (or allele in the single
gene models) to an offspring. The 4 single gene models specify probabilities of transmitting
an A allele to an offspring as taa = 1.0, tag = 0.5, and tgg = 0. The susceptibilities of the
types are constrained in the single gene models to correspond to the Mendelian gene effect
being tested: dominant (B aa =B ag: P 8g), codominant (B aa, B as. B ), and recessive

(B aa: B AB =B BB)- An environmental model (no transmission) and a no major gene model
(frequency of A =1.0) were also tested. Models for polygenic inheritance were attempted, but
no maxima could be found using a variety of starting values for number of genes and allele
frequencies. Similarly, attempts to model the sex effect by constraining parent-offspring
residuals and adding sex as a covariate in these models never converged in these data. These
nested models were compared to a general, or full, model where no parameters were
constrained. Correction for ascertainment bias was performed by conditioning on the proband
sampling frame. Log likelihood values were generated for each model. Hypothesis testing was
performed by the likelihood ratio test (LRT), obtained by subtracting the —2In (likelihood) of
the nested model from the general model. This produces a difference that is part of an
asymptotically distributed 42 distribution with degrees of freedom equal to the difference in
independent parameters between the 2 models. Parsimony of the models was assessed by the
Akaike Information Criterion (AIC).

Multiplex Relative Risk Analysis

Estimation of the number of loci involved was performed by multiplex relative risk analysis
[Schliekelman and Slatkin, 2002]. This statistical technique, a form of complex segregation
analysis, employs relative risk and disease prevalence, incorporating all affected individuals
in a pedigree, to generate a maximum likelihood estimate of the number of loci contributing
to the disease. First, the probability of observing each of the various combinations of affected
relatives is calculated, based on the number of affected relatives observed in the set of total
relatives. The probabilities of observing each set is multiplied together; for example, the
probability of 3 sets of sibships containing 1 affected and 2 unaffected individuals, multiplied
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by the probability of 6 sets of sibships containing 2 affected and 2 unaffected individuals and
so on. The product of the multinomial distributions for the number of affected relatives of the
probands forms the likelihood function. Second, to find the maximum likelihood, the
parameters that affect the probabilities of observing the sets of relatives are varied. These
parameters include the number of loci, the disease penetrance, and the dominance effects at
the locus. The disease allele frequencies are calculated based on the prevalence (assumed to
be 8/10,000) and the other model parameters.

Quantitative Trait Heritability Analysis

RESULTS

The measurements of left ventricle, valves, and aorta obtained by echocardiography were
analyzed for heritability using unaffected siblings of the index cases and the parents. The index
cases themselves were excluded from this analysis due to changes in many measurements from
secondary effects of the underlying cardiac defect.

Polygenic heritability (H2r) was calculated in the program SOLAR 2.0 [Almasy and Blangero,
1998]. Variance components analysis is very sensitive to deviations from the normal
distribution, so all variables were first assessed for normality by the Shapiro-Wilks test in Stata
8.2 (Stata Corporation, College Station, TX). Transformations were attempted for all non-
normal distributions; those that could not be successfully transformed were excluded from the
heritability analysis. Two analyses were performed for each heart measurement: one for the
computed Z score, and one using the raw measurement with covariates sex, age, body mass
index, and first order interactions of these covariates. Models were calculated first with all
covariates included, and then screened to remove any covariate that did not significantly
contribute to the model (P > 0.10).

Based on a simple review of the published sibling recurrence risk data, one may estimate the
broad sense heritability of LVOTO lesions (Table I). Crittenden and Falconer [Crittenden,
1961;Falconer, 1965] exploit the simple multi-factorial liability model, but is sensitive to non-
normal distribution or differences in variances in the disease families. Edwards [1969] and
Reich et al. [1972] use different approaches to correct for these potential sources of bias. It
should be noted that there is an approximately twofold increase in the occurrence of all CHD
in monozygotic twins and that classical twin studies do not appear useful in this context [Burn
and Corney, 1984]. This analysis is incomplete in the sense that extensive data on occurrence
in second- and third-degree relatives are not available.

Descriptive Analysis

Two hundred eleven families participated in acquisition of family history and development of
a biological sample research resource. Family history was positive for any type of CHD in an
extended family member in 44 of these families (20.9%). Of the 211 families that provided
family histories and biologic samples, 124 were enrolled in the echocardiography study. There
were no significant differences between enrolled and not enrolled families for index case race,
sex, or diagnosis, or for the proportion of multiplex families. A total of 537 individuals
including probands and relatives were ascertained from the 124 families in the
echocardiography branch of the study. Characteristics of the 124 probands are noted in Table
I1. Of the 413 relatives enrolled, echocardiography data were unavailable on 41 siblings and
11 parents, resulting in data from 361 relatives, of whom 176 were male, 178 female, and 92
were siblings. The most common reason for the siblings’ lack of data was young age that would
have necessitated sedation to adequately perform the echocardiography examination. The
average sibship size was 2.07, with 21% of the families having only one child. The percentage
of relatives enrolled that were affected with a clinically important cardiac malformation was
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7.7% (32/413). LVOTO malformations were noted in 30 of the relatives, of which there were
18 BAV, 5 HLH, 3 COA, and 3 AVS. Two additional relative had other CHD, one with
pulmonic valve stenosis (PVS) and one with a hemodynamically significant ventricular septal
defect (VSD). Abnormalities were previously noted in all non-BAV defects and for four of the
individuals with BAV (symptomatic, leading to valve replacement). Of the 381 first-degree
relatives, there were 4 HLH, 2 COA, 2 AVS, 1 PVS, 1 VSD, and 15 BAV, of which 2 were
symptomatic. Relatives without echocardiography data were included in the segregation
analysis as unknown phenotype.

Segregation Analysis

As shown in Table I11, all of the 6 nested models gave a poor fit against the general model.
Correction of the P-value for multiple testing would elevate the autosomal dominant model to
above the cut-off to a P-value of 0.09; this model also has the lowest AIC, making it the most
parsimonious of all models. This suggests the existence of one or more minor loci with
autosomal dominant inheritance, with low frequency of the causative alleles (~0.002).

Multiplex Relative Risk

Results of the multiplex relative risk analysis are shown in Figure 1. The maximum likelihood
estimates for the LVOTO pedigrees are most consistent with the activity of a small number of
loci. The highest likelihood occurs for 2 loci, with the likelihood dropping sharply if more loci
are inferred. Between 1 and 6 loci are included in the lod-1 support interval, and are thus
considered as possible values. The introduction of a dominance variance parameter does not
alter this general trend with highest relative likelihood distributed in the region of less than 6
loci (data not shown).

Quantitative Trait Heritability Analysis

Heritability analysis results are contained in Table V. Several of the distributions were not
normally distributed, and could not be transformed into a normal distribution. High heritability
is demonstrated for several of the aortic arch measures, including the aortic root and sinotubular
junction. Heritability of the aortic valve size approaches significance at a P of 0.06. None of
the left ventricle measures appears to have strong heritability in this group.

DISCUSSION

The heritable component in the causation of LVOTO malformations appears to be
considerable. Examination of previously published estimates of sibling relative risk indicates
a substantial tendency to familial clustering (Table I). Using pedigree information in this study,
we found that there is at least one affected relative in approximately 20% of families and the
first-degree relative risk (A R) for AVS, COA, and HLH, based on Texas rates of 7.38/10,000
live births is 36.9. The higher first-degree relative risk and sibling recurrence rates observed
in this study compared to the literature reflect a lower rate of isolated LVOTO malformations
in the general Texas population, and a larger number of single offspring families, respectively.
We have previously estimated the heritability of BAV, by itself, at 0.5 [McBride et al., 2004]
even though this is an exceptionally common cardiac anomaly. Familial clustering may be due
to genetic factors, but may also be due to shared exposures, nutrition, or other environmental
components. It is therefore interesting to compare the several methods for assessing LVOTO
inheritance.

Formal segregation analysis showed the expected result, that a single major locus is not the
most credible scenario. Although most of the Mendelian models were rejected, there is a
suggestion that, similar to the breast cancer and prostate cancer stories, there may be a small
number of families in which a single gene may be causative. However, pure sporadic or
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environmental models were also rejected in this sample, indicating the most likely explanation
may be the action of more than one disease locus, with or without interacting environmental
factors. An estimate of the number of genes involved could not be found with this dataset, as
the polygenic models could not find plausible likelihood maxima.

The multiplex relative risk approach is a new complementary method for assessing the most
likely genetic mechanisms involved in diseases with complex genetics. Multiplex relative risk
assumes a multiplicative action between loci, while the standard polygenic model assumes
additive interactions, accounting for the difference in results between the two methods.
Multiplicative models may be more realistic, based on previous theoretical work by Risch
[1990], who demonstrated that multiplicative models more closely resemble diseases with
multiple interacting loci than additive models.

Some disorders with complex inheritance result from variation in several integrated
physiological pathways. The genetic components may be best understood by delineation of
endophenotypes, which themselves may have several genetic components. It is hoped that by
defining phenotypes that underlie the liability to severe disease that one can more easily identify
discrete genetic loci that have a major role. Quantitative measures of the aortic arch in this
study appear to have a strong genetic influence among the LVOTO families. Genetic influence
on aortic arch measurements has also been established in Native American Indians as part of
a hypertension and cardiac disease study [Bella et al., 2002]. The lack of genetic influence on
measurements of the left ventricle in this study is not surprising, as these measures are more
sensitive to age, sex, hypertension, and activity levels, among other confounders. Previous
studies have generally been in agreement with our findings [Bielen etal., 1990, 1991], although
careful controlling for covariates may be able to identify genetic influences [Bella et al.,
2004].

The etiology for the variability in aortic arch measurements from family to family is unknown.
One hypothesis could be subtle inherited differences in blood flow through the LVOTO, or
possibly a heritable response of the vessel to flow pressures. Supporting evidence has recently
been observed in a zebrafish model of obstructed cardiac blood flow. This model demonstrated
cardiac and great vessel growth is dependant on intracardiac fluidic forces [Hove et al.,
2003].

All these analyses support the concept that genetic components of LVOTO liability are
quantitatively important but complex. This raises the issue of what strategies for finding such
genes are most likely to be effective. The segregation and multiple relative risk analyses suggest
perhaps one, but more likely several, genes may be involved. Traditional approaches of
collecting many multiplex families for genome wide linkage studies may not prove fruitful, as
the ability to detect a significant signal decreases with the number of genes involved. This has
been confirmed by our preliminary analysis of 14 families, where maximum lod scores have
not been >3.0. However, finding a single large family with multiple affected members
(including the use of echocardiography to find asymptomatic BAV) does have the potential to
succeed. Increasing the number of families and use of new very high density SNP marker sets
may increase power to detect linkage [Middleton et al., 2004]. Affected sib pair or relative pair
approaches may be effective, but collection of adequate samples will require a concerted
multicenter collaboration.

The sizeable heritability of several measures of aortic growth suggests that these phenotypes
might be used as quantitative trait loci (QTL) in gene mapping experiments. QTL mapping,
particularly the variance components methods, are typically more powerful than traditional
affected sib pair approaches in common diseases, and are as powerful in lower prevalence
diseases when heritability is high (>0.4). This is important in LVOTO malformations, as the
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ability to collect several hundred sibpairs, even in multicenter collaborations, could be
prohibitive, whereas echocardiography studies of family members of an isolated case would
not. What is most appealing for the LVOTO malformations is the ability of this approach to
accommodate multiple loci simultaneously in a true oligogenic model.

Family-based association studies, built on carefully selected candidate genes and single
nucleotide polymorphisms with high minor allele frequency (>0.05), may be powerful enough
to find significant results, and the potential for studying interactions between genes is growing
with newer statistical methods. Preliminary data from our group has found significant
associations in several genes utilizing a candidate pathway approach. Direct sequencing of
candidate genes can uncover mutations in affected cases. However, demonstrating causality
of the mutation in isolated cases is difficult, as it may not be possible to differentiate a mutation
from a rare variant, and in vitro functional studies may not be representative of in vivo action
in the early embryo during cardiogenesis.

Improvements in our understanding of normal cardiac development and new very high
throughput genotyping and sequencing technologies are now making it feasible to address the
genetic etiology of LVOTO malformations [Shendure et al., 2004]. Further progress will
require large well-designed studies that integrate carefully collected phenotype data with
information about transmission of both common and rare variants.

These data provide important information to first-degree relatives of individuals with AVS,
CoA, and HLH. The genetic contribution to these diseases is higher than previously realized.
Screening by echocardiography should be offered to relatives, as the chance of finding
significant silent malformations is substantial, and the regimen to prevent morbidity and
mortality is easy to implement (e.g., prophylactic antiobiotics to prevent endocarditis for BAV).
Additional data, and hopefully, elucidation of the genes, will ultimately provide these families
with more solid recommendations than current empiric recurrence risk estimates.
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Fig. 1.
Multiplex relative risk plot of maximum likelihood estimate against number of loci.
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TABLE Il
Characteristics of the Probands”
Male Female Total
Ethnicity
Caucasian 50 23 74
Hispanic 35 10 45
African American 4 0 4
Other 0 1 1
Diagnosis
Aortic valve stenosis 25 9 34
Coarctation of the aorta 44 15 59
Hypoplastic left heart 20 9 30
Bicuspid aortic valve 0 1 1
Totals 89 34 124

*
One proband (HLH) had unknown sex.
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