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Congenital heart defects associated with aneuploidy
syndromes: New insights into familiar associations
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Abstract
The frequent occurrence of congenital heart defects (CHDs) in chromosome abnormality
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syndromes is well-known, and among aneuploidy syndromes, distinctive patterns have
been delineated. We update the type and frequency of CHDs in the aneuploidy syndromes involving trisomy 13, 18, 21, and 22, and in several sex chromosome abnormalities (Turner syndrome, trisomy X, Klinefelter syndrome, 47,XYY, and 48,XXYY). We also
discuss the impact of noninvasive prenatal screening (mainly, cell-free DNA analysis),
critical CHD screening, and the growth of parental advocacy on their surgical management and natural history. We encourage clinicians to view the cardiac diagnosis as a
“phenotype” which supplements the external dysmorphology examination. When
detected prenatally, severe CHDs may influence decision-making, and postnatally, they
are often the major determinants of survival. This review should be useful to geneticists,
cardiologists, neonatologists, perinatal specialists, other pediatric specialists, and general
pediatricians. As patients survive (and thrive) into adulthood, internists and related adult
specialists will also need to be informed about their natural history and management.
KEYWORDS
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I N T RO DU CT I O N

postnatal genetic testing (e.g., prenatal chromosome microarray and
cfDNA testing), critical CHD (CCHD) newborn screening programs, and

Most clinicians, from trainees to medical specialists, are impressed by the

the role of parental advocacy, we review these CHD syndrome associa-

common occurrence and often-distinctive pattern of congenital heart

tions, noting the impact on prevalence, management, and natural history.

defects (CHDs) in many malformation syndromes, especially those with

Finally, we explore whether the most robust chromosome associations

aneuploidy. At a personal level, many of us recall these as career-defining

can provide insights into the nonsyndromic forms of CHD, and future

moments, which contributed to our decision to care for people with

directions for research.

these syndromes. A leading pediatric cardiology textbook reported a concise review of the occurrence of CHDs in syndromes (using rounded figures) as 50–80% in trisomy 13, 95% in trisomy 18, 50% in Down
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syndrome and 25% in Turner syndrome (table 3.2 in Goldmuntz & Crenshaw, 2016). In contrast, CHDs are considered rare in Klinefelter syn-

2.1
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Definitions

drome, 47,XYY, and complete trisomy X. Although only a few years have
elapsed since that review, an update is appropriate because of additional

Aneuploidy is defined as the absence or presence of an additional

research and reporting. With tremendous changes in prenatal and

complete chromosome. We include the following autosomal (trisomy

Am J Med Genet. 2019;1–11.
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13, trisomy 18, Down syndrome, and trisomy 22) and sex chromosome abnormality syndromes (45,X; 47,XXX; 47,XXY; 47,XYY; and

4.2 | CHD diagnosis and management across the
lifespan

48,XXYY) (Tables 1 and 2). Mosaic forms will be briefly noted for trisomy 22 which is usually lethal, but associated with survival in the

Prenatal ultrasonography and fetal echocardiography have had a tre-

mosaic form, and 47,XXX which is often associated with a slightly

mendous impact on decision- making during pregnancy. The presence

milder form of Turner syndrome.

of a serious CHD often influences parental decision-making to con-

We define CHDs as structural defects of the intracardiac and

tinue pregnancy. Additionally, the success of CHD surgery may be lim-

vascular structures. For completeness sake, we briefly mention

ited by comorbidities and potentially early mortality with a diagnosis

other cardiovascular abnormalities including aortic dilation, mitral

of aneuploidy.

valve prolapse, and congenital coronary artery anomalies. Omitted

The first success in diagnosing Down syndrome in a fetus was

from discussion are hypertension, lymphedema, dyslipidemia, and

reported over 50 years ago (Valenti, Schutta, & Kehaty, 1968). Cur-

acquired coronary artery disease, although we recognize that these

rently, amniocentesis, chorionic villus sampling, and rarely percutane-

are common morbidities associated with older individuals in some

ous umbilical blood sampling can obtain fetal tissues directly for

of the aneuploidy syndromes.

chromosome studies, metabolic testing, sequencing analyses, or utilize
microarray for diagnostic testing (Carlson and Voora, 2017). All procedures to obtain samples are associated with increased risk of miscar-

2.2

Literature

|

riage (Bianchi, Crombleholme, D'Alton, & Malone, 2010).
In contrast to diagnostic testing, genetic screening tests for aneuploidy

We present an efficient discussion of this topic, citing major

that do not incur additional pregnancy risk and are now routinely offered

review articles instead of historical articles if they included an

to pregnant women. These include early risk assessment (11–14 weeks)

exhaustive review of major case series and attempted evidence-

with ultrasound and serum markers, and noninvasive prenatal testing

based analysis.

(NIPT). Routine first trimester prenatal ultrasound may also detect “soft
markers” of aneuploidy such as increased nuchal fold, hypoplastic nasal
bone, and other suspicious findings (Bianchi et al., 2019). The second tri-

2.3

New patients

|

mester anatomical survey can detect many birth defects including CHDs,
with further definition provided by fetal echocardiogram or fetal MRI. Char-

Limited unpublished data from the authors' individual specialty clinics

acteristic CHDs may then be followed by diagnostic testing for aneuploidy.
NIPT, especially cell-free DNA (cfDNA) testing, is now rec-

was noted for specific issues.

ommended for genetic screening for aneuploidy as it is more accurate
than the first or second trimester screening (Bianchi et al., 2014). This
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test screens dosage of cfDNA (fetal placental DNA plus maternal
DNA) in a maternal blood sample, thus avoiding risk to the pregnancy.

Table 1 (autosome aneuploidy) and Table 2 (sex chromosome aneu-

cfDNA screening is typically used to detect 13, 18, 21, X and Y, and

ploidy) review the frequency and types of CHDs. Clinical features

usually expanded panels include the 22q11 region which can poten-

for each syndrome can be reviewed in a familiar textbook (Jones,

tially detect trisomy 22. It should be noted that the positive predictive

Jones, & Del Campo, 2013). In general, percentages were rounded

value of cfDNA screening for 45,X is low (~26%), and any positive test

off, and ranges were used on the tables, unless a specific figure was

should be confirmed with amniocentesis or neonatal karyotype

well-validated.

(Bianchi et al., 2010). The American College of Medical Genetics and
Genomics recommends that cfDNA screening replace serum screening for aneuploidy for all pregnant women (Gregg, et al., 2016).

4
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DISCUSSION

There is insufficient data on prenatal testing to specifically address
how many of those affected with aneuploidy come to attention after

4.1 | Epidemiology of aneuploidy syndromes
and CHDs

prenatal echo and vice versa. Data is sparse regarding the overall ascertainment of fetal echocardiography leading to a diagnosis of aneuploidy,
and there are few or no studies regarding fetuses with aneuploidy

The population-based birth prevalence of CHDs in the United

assessed by other means, and their subsequent echocardiographic find-

States has been estimated as approximately 68 per 10,000

ings (Pavlicek et al., 2019; Tuuli et al., 2009). In addition to the expanded

livebirths (Bjornard et al., 2013). In France, this increases to 90 per

prenatal diagnosis of aneuploidy syndromes with frequent CHDs, post-

10,000 when termination of pregnancy and stillbirths are included,

natal diagnosis of the most severe CHDs in CCHD newborn screening

decreasing to 78 per 10,000 when chromosome abnormalities are

programs has grown rapidly worldwide (Bakker et al., 2019; Liberman

excluded (Khoshnood et al., 2013). The estimated incidence of

et al., 2014; Oster et al., 2016). Among the current list of 12 CCHDs are

CHDs

7 primary screening target defects (hypoplastic left heart syndrome,

is

~2.4

et al., 2016).

million

people

(1

million

children)

(Gilboa

tetralogy of Fallot, truncus arteriosus, pulmonary atresia, tricuspid atresia,

3
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TABLE 1

Congenital heart defects (CHDs) in autosomal aneuploidy syndromes

Syndrome

Trisomy 13

Trisomy 18

Trisomy 22

Trisomy 21 (Down syndrome)

References

Musewe, Alexander, Techima,
Smallhorn, & Freedom, 1990
Wylie et al., 1994;
Lin et al., 2007
Polli et al., 2014
Kosiv, Gossett, Bai,
& Collins, 2017
Domingo, Carey, Eckhauser,
Wilkes, & Menon, 2019

Van Praagh et al., 1989
Musewe et al., 1990
Balderston, Shaffer,
Washington, &
Sondheimer, 1990
Baty et al., 1994;
Crider, Olney, & Cragan,
2008
Savva, Walker, & Morris,
2010
Kosiv et al., 2017

Abdelgadir,
Nowaczyk, & Li,
2013;
Kehinde et al.,
2014

Bergstrom et al., 2016;
Pfitzer et al., 2018;
Freeman et al., 2008
Lange, Guenther, Busch,
Hess, & Schreiber, 2007; de
Graaf et al., 2015

Prevalence of
syndrome per
10,000 livebirths

1.4

1.2–2.3

NA

12.6

a

b

≥ 90%

75–100%

50%

Rare

Not reported

Rare

25–50%

5–25%

Rare

Not reported

Rare

50–75%

5–25%

Rare

25–50%

Frequency at birth of
CHDs in syndrome

≥ 80%

Types of CHDs
Laterality defects

Rare

c

25–50%

Conotruncal, all

D-TGA
Other

Rare
Rare

Rare

L-transposed
great arteries
Single ventricle
Single ventricle
physiology

20–30%

Septal defects, all

25–50%

ASD, secundum

85%

50–75%

VSD, membranous

40–50%

≥ 90%

PDA

50–60%

85%

AVSD

10%

10%

VSD, muscular
VSD, canal-type
VSD,
malalignment

AVSD, complete

5–25%

ASD, primum
TAPVC

Rare

Rare

Not reported

Valve defects

Polyvalvar dysplasia

Polyvalvar dysplasia

5–25%

Rare

75%

75–100%

Outcome of surgery

Decreased in-hospital mortality

Decreased in-hospital
mortality

Unknown

Similar age and with similar
outcome compared to those
without down syndrome

Impact of CHD on life
expectancy

Main determinant

Main determinant

Unknown

Main determinant

Other rare cardiac
abnormalities

Cor triatriatum

Complex CHDs

Aortic arch abnormality

Abbreviations: ASD, atrial septal defect; AVSD, atrioventricular septal defect; CHD, congenital heart defect; LB, livebirth; TAPVC, total anomalous
pulmonary venous connection; VSD, ventricular septal defect.
a
Frequency of CHDs are noted as a range, unless a specific frequency has been well-established.
b
The frequency of any birth defects in the newborn period is considered a birth prevalence.
c
Conotruncal defects include truncus arteriosus, interrupted aortic arch, type B, tetralogy of Fallot, malalignment-type ventricular septal defect and double
outlet right ventricle.
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d-transposition of the great arteries, and total anomalous pulmonary

4.3

|

Trisomy 13 and trisomy 18

venous connection), plus an additional five defects (coarctation, Ebstein
anomaly, interrupted aortic arch, single ventricle, double outlet right ven-

Although there are substantial differences in the external appearance and

tricle). Ongoing research will continue to quantify the impact of CCHD

malformations of trisomy 13 and trisomy 18, they are often discussed

screening on CHD prevalence estimates, and should note whether aneu-

together because of similar challenges in prenatal and postnatal decision-

ploidy syndromes are included.

making. Both are associated with multiple birth defects, severe intellectual

Syndrome

Turner syndrome (45, X and other
karyotypes)

48, XXYY

References

Mortensen, 2018; Gutmark-Little,
2013; Silberbach, 2018

Tartaglia, 2008

Prevalence of syndrome
per 10,000 livebirths

4.0 females

NA

a

23–50%

18/93 (19.6%)

Laterality defects

Rare

N/A

Conotruncal, all

Rare

N/A

Other (L-transposed great
arteries, single ventricle)

Rare

Rare (1%)

ASD, secundum

ASD (unspecified), rare

VSD (unspecified)

VSD, membranous

VSD (unspecified), rare

ASD (unspecified)

Rare

N/A

Rare

N/A

Frequency at birth of CHDs in
syndrome

Types of CHDs

L-transposed great arteries
Single ventricle
Simple shunts:

5–25%

VSD, muscular
PDA
AVC,/AVSD
AVC, AVSD, complete
ASD, primum
TAPVC

PAPVC, 5–25%
Valve defects

BAV 25%

Rare

Aortic stenosis

Mitral valve
prolapse

MV stenosis

Pulmonic stenosis

HLHS
Outcome of surgery

Similar risk as non-TS outcomes with
exception of PAPVR and HLHS
(increased mortality)

N/A

Impact of CHD on life expectancy

Accounts for 50% of threefold
increase in early death; life
expectancy reduced by 13 years

N/A

Other cardiac abnormalities

ETA, 25–50%
Aortic dilation, 25–40%
Coarctation, 5–25%
Congenital coronary artery anomalies,
5–25%
PLSVC, 5–25%

Abbreviations: AVSD, atrioventricular septal defect; BAV, bicuspid aortic valve; CHD, congenital heart
defect; ETA, elongation of the transverse aorta; HLHS, hypoplastic left heart syndrome; LB, livebirth;
PLSVC, persistent left superior vena cava; TAPVC, total anomalous pulmonary venous connection.
a
Klinefelter syndrome and 47,XYY were omitted because of the rarity of CHDs.
b
Frequency of CHDs are noted as a range, unless a specific frequency has been well-established.
c
Conotruncal defects include truncus arteriosus, interrupted aortic arch, type B, tetralogy of Fallot,
malalignment-type ventricular septal defect and double outlet right ventricle.

T A B L E 2 Congenital heart defects in
sex chromosome aneuploidy syndromesa
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disability, and high mortality. The leading parent support group welcomes

Marino, 2018). The American Academy of Pediatrics recommends that

families with both trisomy syndromes (and a few related disorders)

all patients with Down syndrome have a postnatal echocardiogram, to

(Support of Families of Trisomy, S.O.F.T.). The type and frequency of

be read by a pediatric cardiologist regardless of whether a fetal echo-

CHDs in these aneuploidy syndromes has been well described over many

cardiogram was performed. Referral to a pediatric cardiologist is rec-

decades (Lin et al., 2007; Musewe et al., 1990; Polli et al., 2014), with

ommended for any infant whose results are abnormal (Bull et al., 2011).

superior delineation of morphologic types in autopsy studies (Van Praagh

In the future this may change, as recent evidence shows that complex

et al., 1989). As noted in Table 1, simple shunts are common in both disor-

CHDs were not missed on fetal echocardiography performed on

ders. However, conotruncal CHDs, atrioventricular septal defect (AVSD),

patients with Down syndrome, that is, postnatal echocardiography did

and polyvalvar dysplasia create a cardiac phenotype that can lead to clini-

not detect additional CHDs (Cooper et al., 2019). In adolescence and

cal diagnosis when associated with various noncardiac defects, especially

into adulthood, there is a risk for valvular disease, and echocardiogra-

for trisomy 18 (Van Praagh et al., 1986). Similar to what is observed in

phy with Doppler should be considered in any patients with symptoms

Down syndrome, pulmonary vascular changes increase mortality (Tahara,

(such as increasing fatigue, shortness of breath, exertional dyspnea, or

Shimozono, Nitta, & Yamaki, 2014). The prenatal ultrasonographic detec-

a new murmur or gallop) (Bull et al., 2011). Valve disease was among

tion of a complete AVSD tends to prompt reflex consideration of Down

the mostly mild abnormalities detected on a cross-sectional study of

syndrome, but these trisomies must also be included. The presence of a

149 subjects ages 10–20. Nine (6%) had new echocardiographic find-

serious CHD may contribute to the decision to terminate pregnancy;

ings, including transitional AVSD in one subject (Clauss et al., 2019).

some parents who continued their pregnancies reported feeling pressure

Studies of CHDs in Down syndrome have not consistently shown dis-

(Guon, Wilfond, Farlow, Brazg, & Janvier, 2013).

parity by sex (Morales-Demori, 2017; Santoro, Coi, Spadoni, Bianchi, &

Although a conservative approach (palliative measures) has been the

Pierini, 2018), but have been shown to differ by race with higher rates

traditional guideline for infants with trisomy 18, more clinicians (48%)

of AVSD in black patients with Down syndrome (Freeman et al., 2008).

were willing to discuss surgery in one study (Kaulfus et al., 2019). There

The natural history and outcome of intervention for CHDs in

is a growing body of literature analyzing outcome, the impact of natural

patients with Down syndrome varies. The presence of a CHD in Down

history, CHDs, surgery, and attitudes of parents and providers (Baty

syndrome increases the chance of pulmonary hypertension (Bush et al.,

et al., 1994; Domingo et al., 2019; Kaneko et al., 2008; Kosiv et al., 2017;

2018) and increases neonatal mortality (Cua, Haque, Santoro, Nichol-

Lakovschek, Streubel, & Ulm, 2011; Meyer et al., 2016; Weaver, Starr,

son, & Backes, 2017). Patients with Down syndrome and single ventricle

Austin, Stevenson, & Hammel, 2018). Recent outcome studies provide

palliation are at high risk for procedural and long-term mortality (Peterson

strong support for consideration of CHD surgery (Kosiv et al., 2017), but

et al., 2019). However, many neonates with Down syndrome and CHD

the impact on survival after 1 year is debated. Follow-up after cardiac

have surgical repair at similar age and with similar outcomes compared to

surgery for trisomy 13 and 18 has focused on in-hospital mortality and

those without Down syndrome (Lange et al., 2007). The median age at

survival up to two years; longer term studies are not available because of

surgery was 3.3 months for primary AVSD repair and did not differ in

rarity of survivors. Parents responded with often emotional insights in a

patients with Down syndrome (Burstein et al., 2019). Long-term develop-

survey about their decision to continue pregnancy after prenatal diagno-

mental outcomes at school age do not differ between those with Down

sis, and the power of a supportive social network (Guon et al., 2013;

syndrome and CHD and those without CHD (Morales-Demori, 2017).

Janvier, Farlow, & Wilfond, 2012). Rather than advising a single guideline
for all patients, decision-making about surgery for CHDs in trisomy
13 and trisomy 18 should take in to account numerous factors for each

4.5
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Trisomy 22

family (Domingo et al., 2019; Jenkins & Roberts, 2017).
Mosaicism for trisomy 13 was generally associated with a less

Complete, nonmosaic trisomy 22 is frequent (11–15%) among of

severe outcome among almost 50 reported patients (Chen et al., 2017;

spontaneous miscarriages with aneuploidy, and ~5% of all spontane-

Griffith et al., 2009; Hsu & Hou, 2007; Wieser, Wohlmuth, Rittinger,

ous miscarriage (Ford, Wilkin, Thomas, & McCarthy, 1996; Menasha,

Fischer, & Wertaschnigg, 2015). Although some patients have a milder

Levy, Hirschhorn, & Kardon, 2005). Live-born children with this condi-

phenotype and favorable outcome, there is no consistent correlation

tion are rare, primarily published as case reports. Complete trisomy

between the percentage of trisomy 13 cells and the severity of defects

22 typically leads to neonatal death (mean survival 4 days of life), with

and intellect. Long-term outcome studies with neuropsychologic evalua-

the maximum reported age of 3 years (Heinrich et al., 2012). A review

tions have not been reported. In the most detailed review, CHDs were

of live-born patients with complete trisomy 22 noted that 92%

noted in 74%, involving mostly atrial septal defects and ventricular septal

(24/26) had CHDs (Kehinde et al., 2014). A review of the literature

defects, and a single case with tetralogy of Fallot (Griffith et al., 2009).

identified septal defects (Kontomanolis, Pandya, & Limperis, 2010;
Ma, Ouyang, Hao, Zhao, et al., 2018; McPherson & Stetka, 1990;
Naicker & Aldous, 2014), conotruncal anomalies (Stratton et al., 1993;

4.4
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Down syndrome

Tinkle, Walker, Blough-Pfau, Saal, & Hopkin, 2003; Xu et al., 2019),
aortic arch anomalies (Bacino et al., 1995), hypoplastic right heart

There is abundant literature and ongoing research about the type and

(Bacino et al., 1995), and complex CHDs (Bacino et al., 1995; Tonni,

frequency of CHDs in Down syndrome (Versacci, DiCarlo, Digilio, &

Ventura, Pattacini, Bonasoni, & Ferrari, 2012). This is similar to a

6
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prenatal series of 5 patients combined with 10 from the literature

16 patients with malformations (Haverty, Lin, Simpson, Spence, &

(Stressig, Körtge-Jung, Hickmann, & Kozlowski, 2005).

Martin, 2004), and a population-based prevalence study from Europe,

Mosaic trisomy 22 is rare, with at least 22 cases reported. Various

no CHDs were noted (Boyd et al., 2011).

types of CHDs were noted in 76% of a series of 21 patients

However, CHDs may occur in individuals with a form of Turner

(Abdelgadir et al., 2013; Kalyina et al., 2019). It is difficult to discern the

syndrome mosaicism involving 47,XXX and 45,X. The phenotype var-

cause of early mortality in patients with complete or mosaic trisomy

ies greatly, and case series have reported hypoplastic left heart syn-

22, whether it is cardiac in nature, or some other etiology. The number

drome (Sybert, 2002), and regurgitant mitral and tricuspid valves

of published cases is small, and long term follow-up is not available.

(Tang, Lin, Guo, & Yu, 2019).

4.6

4.8
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Turner syndrome

|

Klinefelter syndrome (47,XXY and variants)

Turner syndrome has a major impact on a multitude of systems, and

Klinefelter syndrome (47,XXY) is the most common aneuploidy syn-

appropriate diagnosis and management of congenital and acquired car-

drome, affecting ~1 in 600 males. Individuals with Klinefelter syn-

diovascular disease is crucial. As noted on Table 1, CHDs of the left

drome are generally not considered to be at increased risk for major

side of heart predominate, ranging from bicuspid aortic valve (BAV) and

structural malformations, including CHDs. Some historical studies

coarctation of the aorta, to hypoplastic left heart syndrome. An echo-

showed a small increase in morbidity or mortality associated with

cardiogram is recommended for all patients at diagnosis, even if prena-

CHD and other congenital anomalies (Gravholt et al., 2018). A con-

tal testing (fetal echocardiography) did not detect a CHD. Thereafter,

cern about ascertainment bias is often noted, as it is estimated that up

imaging should be obtained at regular intervals following evidence-

to 75% of cases of Klinefelter syndrome are undiagnosed, while those

based guidelines (Silberbach et al., 2018). In addition to echocardiogra-

with malformations are more likely to undergo genetic diagnostic test-

phy with Doppler, cardiac magnetic resonance imaging is necessary to

ing. In the MGH Klinefelter Syndrome Clinic, we have seen individuals

image the entire arch, preferably, at an age when sedation is not

with assorted CHDs in whom Klinefelter syndrome was detected

needed (Guttmark-Little and Backeljauw, 2013; Silberbach et al., 2018).

because chromosomal testing was performed as part of the diagnostic

Aortic dilatation is common in individuals with BAV, whether they have

evaluation. Given the fact that Klinefelter syndrome is the most com-

Turner syndrome. In women with Turner syndrome, the reported range

mon aneuploidy and that CHDs are relatively common in the general

of prevalence of dilatation is wide (11–48%). This is attributable to dif-

population, we hypothesize that these may be unrelated incidental

ferences in imaging (echocardiography, MRA, CTA) and attempts to

findings.

adjust this measurement in light of short stature. Aortic dissection is a

Small studies have suggested a possible association between

rare but feared complication in this patient population, occurring at

Klinefelter syndrome and a shortened QTc interval (Jørgensen et al.,

greater frequency and significantly younger age than the general popu-

2015), though the clinical relevance of this remains unclear. Overall,

lation, particularly during pregnancy. Those women attempting preg-

most clinicians do not routinely recommend screening for CHD or

nancy, typically via assisted reproductive technologies, should be

arrythmias in all individuals with a diagnosis of typical Klinefelter

closely monitored with cardiac imaging, before, during, and after preg-

syndrome.

nancy (Donadille, Bernard, & Christin-Maitre, 2019). Congenital coronary artery anomalies are common in Turner syndrome women (20%),
and their anatomy should be delineated in the planning of aortic sur-

4.9
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47,XYY

gery (Viuff et al., 2016). In all Turner syndrome patients, blood pressure
screening and intervention is mandatory as hypertension prevalence

Similar to Klinefelter syndrome, the diagnosis of 47,XYY is not consid-

increases with age and is thought to be a risk factor for aortic dilatation

ered a risk factor for CHDs. In a population-based study in Denmark,

and dissection. Electrocardiography is necessary given that conduction

an increased risk of “cardiovascular disease” was reported, but CHDs

defects affect 50%, including QT prolongation.

were not specified (Stochholm, Juul, & Gravholt, 2010). This may

Of 226 individuals evaluated in the MGH Turner syndrome clinic,

reflect an increased incidence of general adult-onset cardiovascular

76 (34%) had a CHD (aortic dilatation excluded), with a similar frequency

disease in this population, which is likely to be multifactorial in its

in patients less than or equal to 18 years (36/96, 38%) and those older

etiology.

than 18 years (40/130, 31%). Among this group, 50 of 226 (22%) individuals had a BAV, with equal occurrence regardless of age.

4.10 | Higher order male sex chromosome
aneuploidies
4.7

|

Trisomy X (47,XXX)
The rate of CHDs and other malformations appears increased in indi-

Congenital heart defects are not a typical feature of 47,XXX syn-

viduals with 48,XXYY, 48,XXXY, 49,XXXXY, and other higher order

drome, and have been omitted from Table 2. In a clinical series of

male sex chromosome aneuploidies (Peet, Weaver, & Vance, 1998;

7
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Tartaglia et al., 2008). However, given the rarity of these syndromes,

With an X aneuploidy syndrome, the hypothesis of a dosage

large studies have not been performed. The best estimates come from

effect can be evaluated to some degree. Women with 45,X Turner

studies of patients with 48,XXYY, where the incidence of CHDs has

syndrome have more CHDs compared to women with Trisomy X and

been estimated at 19%, with ventricular septal defects being the most

males with 47,XXY. Women with the lowest level of 45,X mosaicism

common type (Tartaglia et al., 2008).

(<20%) are generally thought to have fewer CHDs than those with
complete 45,X. Whereas 70% of all patients with BAV are male, the
association (~30%) with Turner syndrome is striking. These observa-

4.11

Genetic basis and developmental insights

|

tions suggest that more than one X chromosome is protective. However, half of women with Turner do not have a CHD, which may be

The development of the human heart is a complex process that

due to an interaction of the X chromosome with autosomal variants

takes place between 3 and 8 weeks of embryonic development.

(Prakash et al., 2016). To this point, very recent exome sequencing

The different regions of the heart (atria, ventricles, atrioventricular

studies suggest an association of aortopathy and BAV with

canal, outflow tract, aortic arch) have distinct embryonic origins,

hemizygosity of TIMP1 (Xp11.3) and variants of its autosomal para-

and their differentiation and morphogenesis is orchestrated by a

logue TIMP3 (22q12.3). The products of these genes are members of

multitude of developmental signaling pathways (Epstein, 2010;

the tissue inhibitor of matrix metalloproteinase family, known inhibi-

Zaidi and Brueckner, 2019). Errors in these mechanisms are

tors of matrix metalloproteinases which themselves degrade the

believed to underlie CHDs. The high incidence of CHDs in many

extracellular matrix. Their findings show a 20-fold risk of having a

genetic

BAV in the setting of only having one copy of TIMP1 (i.e., Turner syn-

syndromes,

including

aneuploidies,

is

therefore

not

surprising.
The occurrence of a rare defect in a common syndrome can

drome) and a specific variant of TIMP3 (Corbitt et al., 2018; Corbitt,
Gutierrez, Silberbach, & Maslen, 2019).

appear as a tantalizing signal about the chromosome location of caus-

Despite these advances, the molecular mechanisms for most

ative genes. The association of specific subtypes of CHDs with a given

CHDs in both Down syndrome and Turner syndrome, as well as other

genetic syndrome may reflect the relative importance of the

aneuploidies, remain largely unclear. More evidence is necessary to

perturbed gene(s) for that syndrome in the development of that

establish the contribution of autosomal genetic variants. For Turner

region of the heart. Understanding such associations has the potential

syndrome, these exciting studies redirect prior efforts to interrogate

to provide significant insights into the mechanisms of nonsyndromic

Xp for causative genes (Bondy et al., 2013).

causes of CHDs. Classic examples include the interplay between the

In conclusion, CHDs in aneuploidy syndrome are never pathogno-

pharyngeal endoderm, the cardiac neural crest, and the secondary

monic as individual defects, but in the presence of noncardiac features,

heart field, which is thought to underlie the cardiac outflow and aortic

distinctive patterns of CHDs can assist in diagnosis, even in fetal life.

arch defects in 22q11 deletion syndrome, and the role of the Ras-

Timely diagnosis of CHDs and appropriate follow up into adulthood in

MAPK signaling cascade in the endocardial cushions, which has been

aneuploidy syndromes is crucial to improve outcomes in these often

hypothesized to explain the valvular defects seen in Noonan syn-

complex and multi-system conditions. Multidisciplinary care in both the

drome (Calcagni et al., 2017). In the case of aneuploidy syndromes,

prenatal and postnatal setting is an essential part of maternal-fetal medi-

however, making a case for such a mechanism is far more complex

cine, prenatal and cardiogenetics clinics, as well as the specialty clinics

given the fact that so many genes have the potential to be perturbed.

dedicated to the specific aneuploidies such as Down syndrome and

As discussed below, this hypothesis has been explored for Down syn-

Turner syndrome (Lin et al., 2019). Early observations about dosage

drome and Turner syndrome.

effect and chromosome locus have not yet yielded pathogenic genes,

Analysis of patients with partial trisomy 21 identified a candidate
region for CHDs (Pelleri et al., 2017). Next-generation sequencing

though further research will hopefully provide clues to the genetic
underpinnings of both syndromic and nonsyndromic CHDs.

implicated candidate genes for CHD in patients with Down syndrome
(Alharbi et al., 2018). These and other studies suggest that the preva-

ACKNOWLEDG MENTS

lence of CHDs, and AVSD, in particular, in Down syndrome is likely

The authors express their gratitude to their colleagues in these MGH

multifactorial and related to a complex interplay between genes on

Genetics specialty clinics: The Down Syndrome Program, Chromo-

chromosome 21 with variants elsewhere in the genome. Initial

some 22 Clinic, Turner Syndrome Clinic and Klinefelter Syndrome

genome-wide association study of patients with Down syndrome and

Clinic (in particular, Emma Snyder, BA, Clinical Research Assistant),

AVSD identified regions of interest, and a few common genetic vari-

and to the Cincinnati Center for Pediatric and Adult Turner Syndrome

ants of large effect size, but which did not account for risk for AVSD

Care of Cincinnati Children's Hospital Medical Center. We also

in Down syndrome (Ramachandran et al., 2015). Study of copy num-

acknowledge the large community of “stakeholders” including the

ber variants in patients with Down syndrome and AVSD or CHD,

families, friends, and people living with these disorders who are our

demonstrated the complex, multifactorial nature of AVSD in Down

teachers and partners in care and research.

syndrome and supported that Down syndrome-associated AVSD is
likely heterogenous (Ramachandran et al., 2015; Rambo-Martin

CONFLIC T OF INT ER E ST

et al., 2018).

These authors have no conflict of interest to declare.

8

LIN ET AL.

W EB S I T E S

MGH Klinefelter syndrome clinic https://www.massgeneral.org/

Trisomy 13, Trisomy 18

children/services/treatmentprograms.aspx?id=2069

National Library of Medicine Genetics Home Reference https://ghr.

DATA AVAILABLITY STATEMENT

nlm.nih.gov/condition/trisomy-18

Data sharing is not applicable to this article as no new data were cre-

Support of Families with Trisomy and Related Chromosome Dis-

ated or analyzed in this study.

orders (SOFT) https://trisomy.org/
OR CID
Angela E. Lin

Trisomy 21

Stephanie Santoro

National Down Syndrome Society (NDSS) https://www.ndss.org/
National Down Syndrome Congress (NDSC) https://www.
ndsc.org/
MGH Down Syndrome Program http://www.massgeneral.org/
downsyndrome
DS-Connect (the Down Syndrome Registry hosted by the
National Institutes of Health) https://dsconnect.nih.gov/

Trisomy 22
Chromosome 22 Central http://c22c.org/

Turner syndrome
MGH

Turner

Syndrome

Clinic

https://www.massgeneral.org/

children/services/treatmentprograms.aspx?id=1682
Turner Syndrome Society of the United States http://www.
turnersyndrome.org/
Turner Syndrome Global Alliance http://tsgalliance.org/
Turner Syndrome Foundation, Inc. www.TSFUSA.org
National Library of Medicine Genetics Home Reference https://
ghr.nlm.nih.gov/condition/turner-syndrome
Turner Syndrome Society of the United States (TSSUS): Clinical
Practice Guidelines for the Care of Girls and Women with Turner syndrome (Gravholt et al., 2017), and Brief Synopsis for Turner Syndrome
Girls and Women and for their Parents/Caregivers/Families. http://
www.turnersyndrome.org/
UpToDate. Clinical manifestations and diagnosis of Turner syndrome (Philippe Backeljauw, MD).
http://www.uptodate.com/contents/clinical-manifestations-anddiagnosis-of-turner-syndrome

Klinefelter syndrome (XXY and related karyotypes)
National Library of Medicine Genetics Home Reference https://ghr.
nlm.nih.gov/condition/klinefelter-syndrome
AXYS: association for X and Y chromosome variations http://
www.genetic.org

https://orcid.org/0000-0002-1145-4572
https://orcid.org/0000-0002-4172-0288

RE FE RE NCE S
Abdelgadir, D., Nowaczyk, M. J. M., & Li, C. (2013). Trisomy 22 mosaicism
and normal developmental outcome: Report of two patients and
review of the literature. American Journal of Medical Genetics. Part A,
161A, 1126–1131.
Alharbi, K. M., Al-Mazroea, A. H., Abdallah, A. M., Almohammadi, Y.,
Carlus, S. J., & Basit, S. (2018). Targeted next-generation sequencing
of 406 genes identified genetic defects underlying congenital heart
disease in down syndrome patients. Pediatric Cardiology, 39,
1676–1680. https://doi.org/10.1007/s00246-018-1951-3
Bacino, C. A., Shreck, R., Fisch-Ghodsian, N., Pepkowitz, S.,
Prezant, T. R., & Graham, J. M. (1995). Clinical and molecular studies in
full trisomy 22: Further delineation of the phenotype and review of
the literature. American Journal of Medical Genetics, 56, 359–365.
https://doi.org/10.1002/ajmg.1320560404
Bakker, M. K., Bergman, J. E. H., Krikov, S., Amar, E., Cocchi, G., Cragan, J.,
… Botto, L. D. (2019). Prenatal diagnosis and prevalence of critical congenital heart defects: An international retrospective cohort study. BMJ
Open, 9, e028139. https://doi.org/10.1136/bmjopen-2018-028139
Balderston, S. M., Shaffer, E. M., Washington, R. L., & Sondheimer, H. M.
(1990). Congenital polyvalvular disease in trisomy 18: Echocardiographic diagnosis. Pediatric Cardiology, 11, 138–142.
Bergstrom, S., Carr, H., Petersson, G., Stephansson, O., Bonamy, A. K.,
Dahlström, A., … Johansson, S. (2016). Trends in congenital heart
defects in infants with down syndrome. Pediatrics, 138, e20160123.
https://doi.org/10.1542/peds.2016-0123
Bianchi, D. W. (2019). Turner syndrome: New insights from prenatal genomics and transciptomics. American Journal of Medical Genetics, 181C,
29–33. https://doi.org/10.1002/ajmg.c.31675
Bianchi, D. W., Crombleholme, T. M., D'Alton, M. E., & Malone, F. D.
(2010). Fetology: Diagnosis and management of the fetal patient (2nd
ed.). New York, NY: McGraw Hill Medical.
Bianchi, D. W., Parker, R. L., Wentworth, J., Madankumar, R., Saffer, C.,
Das, A. F., … CARE Study Group. (2014). DNA sequencing versus standard prenatal aneuploidy screening. New England Journal of Medicine,
370, 799–808. https://doi.org/10.1056/NEJMoa1311037
Bondy, C., Bakalov, V. K., Cheng, C., Olivieri, L., Rosing, D. R., & Arai, A. E.
(2013). Bicuspid aortic valve and aortic coarctation are linked to deletion of the X chromosome short arm in turner syndrome. Journal of
Medical Genetics, 50, 662–665. https://doi.org/10.1136/jmedgenet2013-101720
Boyd, P. A., Loane, M., Garne, E., Khoshnood, B., Dolk, H., & group, E. W.
(2011). Sex chromosome trisomies in Europe: Prevalence, prenatal
detection and outcome of pregnancy. European Journal of Human
Genetics, 19, 231–234. https://doi.org/10.1038/ejhg.2010.148
Bull, M. J., & Committee on Genetics. (2011). Health supervision for children with down syndrome. Pediatrics, 128, 393–406. https://doi.org/
10.1542/peds.2011-1605
Bush, D., Galambos, C., Ivy, D. D., Abman, S. H., Wolter-Warmerdam, K., &
Hickey, F. (2018). Clinical characteristics and risk factors for developing pulmonary hypertension in children with down syndrome. The

LIN ET AL.

Journal of Pediatrics, 202, 212–219. https://doi.org/10.1016/j.jpeds.
2018.06.031
Calcagni, G., Unolt, M., Digilio, M. S., Baban, A., Versacci, P., Tartaglia, M.,
… Marino, B. (2017). Congenital heart disease and genetic syndromes:
New insights into molecular mechanisms. Expert Review of Molecular
Diagnostics, 17, 861–870. https://doi.org/10.1080/14737159.2017.
1360766
Chen, C.-P., Chern, S. R., Wu, P. S., Chen, S. W., Lai, S. T., Chuang, T. Y., …
Wang, W. (2017). Prenatal diagnosis of low-level mosaicism for trisomy 13 at amniocentesis associated with a favorable outcome. Taiwanese Journal of Obstetrics & Gynecology, 56, 840–842. https://doi.
org/10.1016/j.tjog.2017.10.025
Clauss, S. B., Gidding, S. S., Cochrane, C. I., Walega, R., Zemel, B. S.,
Pipan, M. E., … Cohen, M. S. (2019). Prevalence of unsuspected abnormal echocardiograms in adolescents with down syndrome. American
Journal of Medical Genetics Part A, 179, 1–5. https://doi.org/10.1002/
ajmg.a.61367
Cooper, A., Sisco, K., Backes, C. H., Dutro, M., Seabrook, R.,
Santoro, S. L., & Cua, C. L. (2019). Usefulness of postnatal echocardiography in patients with down syndrome with normal fetal echocardiograms. Pediatric Cardiology, 40, 1716–1721. https://doi.org/10.
1007/s00246-019-02209-w
Corbitt, H., Gutierrez, J., Silberbach, M., & Maslen, C. L. (2019). The genetic
basis of tuner syndrome aortopathy. American Journal of Medical
Genetics Part C Seminars in Medical Genetics, 181, 117–125. https://
doi.org/10/1002/ajmg.c.31686
Corbitt, H., Morris, S. A., Gravholt, C. H., Mortensen, K. H., TippnerHedges, R., Silberbach, M., … on behalf of the GenTAC Registry Investigators. (2018). TIMP3 and TIMP1 are risk factors for bicuspid aortic
valve and aortopathy in turner syndrome. PLoS Genetics, 14,
e1007692. https://doi.org/10.1371/journal.pgen.1007692
Crider, K. S., Olney, R. S., & Cragan, J. D. (2008). Trisomies 13 and 18: Population prevalences, characteristics, and prenatal diagnosis, metropolitan Atlanta, 1994–2003. American Journal of Medical Genetics Part A,
146, 820–826.
Cua, C. L., Haque, U., Santoro, S., Nicholson, L., & Backes, C. H. (2017). Differences in mortality characteristics in neonates with Down's syndrome. Journal of Perinatology, 37, 427–431. https://doi.org/10.1038/
jp.2016.246
de Graaf, G., Buckley, F., & Skotko, B. G. (2015). Estimates of the live
births, natural losses, and elective terminations with down syndrome
in the United States. American Journal of Medical Genetics. Part A, 167,
756–767. https://doi.org/10.1002/ajmg.a.37001
Domingo, L., Carey, J. C., Eckhauser, A., Wilkes, J., & Menon, S. C. (2019).
Mortality and resource use following cardiac interventions in children
with trisomy 13 and trisomy 18 and congenital heart disease. Pediatric
Cardiology, 40(2), 349–356. https://doi.org/10.1007/s00246-0182001-x
Donadille, B., Bernard, V., & Christin-Maitre, S. (2019). How can we make
pregnancy safe for women with turner syndrome? American Journal of
Medical Genetics Part C, Seminars in Medical Genetics, 181, 100–107.
https://doi.org/10.1002/ajmg.c.31682
Epstein, J. A. (2010). Cardiac development and implications for heart disease. The New England Journal of Medicine, 363, 1638–1647.
Ford, J. H., Wilkin, H. Z., Thomas, P., & McCarthy, C. (1996). A 13 -year
cytogenetic study of spontaneous abortion: Clinical applications of
testing. Australian and New Zealand Journal of Obstetrics and Gynaecology, 36, 314–318. https://doi.org/10.1111/j.1479-828x.1996.
tb02719.x
Freeman, S. B., Bean, L. H., Allen, E. G., Tinker, S. W., Locke, A. E.,
Druschel, C., … Sherman, S. L. (2008). Ethnicity, sex, and the incidence
of congenital heart defects: A report from the National down Syndrome Project. Genetics in Medicine, 10, 173–180. https://doi.org/10.
1097/GIM.0b013e3181634867

9

Goldmuntz, E., & Crenshaw, M. L. (2016). Genetic aspects of congenital
heart defects. In H. D. Allen, R. E. Shaddy, D. J. Penny, T. F. Feltes, &
F. Cetta (Eds.), Moss and Adams’ heart disease in infants, children and
adolescents including the fetus and Young adult (9th ed.). Wolters
Kluwer, Philadelphia.
Gravholt, C. H., Andersen, N. H., Conway, G. S., Dekkers, O. M.,
Geffner, M. E., Klein, K. O., … On behalf of the International Turner
Syndrome Consensus Group. (2017). Clinical practice guidelines for
the care of girls and women with turner syndrome: Proceedings from
the 2016 Cincinnati international turner syndrome meeting. European
Journal of Endocrinology, 177, G1–G70. https://doi.org/10.1530/EJE17-0430
Gravholt, C. H., Chang, S., Wallentin, M., Fedder, J., Moore, P., &
Skakkebaek, A. (2018). Klinefelter syndrome: Integrating genetics, neuropsychology, and endocrinology. Endocrine Reviews, 39, 389–423.
https://doi.org/10.1210/er.2017-00212
Guon, J., Wilfond, B. S., Farlow, B., Brazg, T., & Janvier, A. (2013). Our children are not a diagnosis: The experience of parents who continue their
pregnancy after a prenatal diagnosis of trisomy 13 or 18. American
Journal of Medical Genetics. Part A, 9999, 1–11.
Gutmark-Little, I., & Backeljauw, P. F. (2013). Cardiac magnetic resonance
imaging in turner syndrome. Clinical Endocrinology, 78, 646–658.
https://doi.org/10.1111/cen.12157
Haverty, C. E., Lin, A. E., Simpson, E., Spence, M. A., & Martin, R. A. (2004).
47,XXX associated with malformations. American Journal of Medical
Genetics. Part A, 15, 108–111 author reply 112.
Heinrich, T., Nanda, I., Rehn, M., Zollner, U., Frieauff, E., Wirbelauer, J., …
Schmid, M. (2012). Live-born trisomy 22: Patient report and review. Molecular Syndromology, 3, 262–269. https://doi.org/10.1159/000346189
Hsu, H.-F., & Hou, J.-W. (2007). Variable expressivity in Patau syndrome is
not all related to trisomy 13 mosaicism. American Journal of Medical
Genetics. Part A, 143A, 1739–1748.
Janvier, A., Farlow, B., & Wilfond, B. S. (2012). The experience of families
with children with trisomy 13 and 18 in social networks. Pediatrics,
130, 293–298. https://doi.org/10.1542/peds.2012-0151
Jenkins, K. J., & Roberts, A. E. (2017). Trisomy 13 and 18: Cardiac surgery
makes sense if it is part of a comprehensive care strategy. Pediatrics,
140, e20172809.
Jones, K. L., Jones, M. C., & Del Campo, M. (2013). Smith's recognizable patterns of human malformation (7th ed.). Philadelphia, PA: Elsevier
Saunders.
Jørgensen, I. N., Skakkebaek, A., Andersen, N. H., Pedersen, L. N.,
Hougaard, D. M., Bojesen, A., … Gravholt, C. H. (2015). Short QTc
interval in males with Klinefelter syndrome-influence of CAG repeat
length, body composition, and testosterone replacement therapy. Pacing and Clinical Electrophysiology, 38, 472–482. https://doi.org/10.
1111/pace.12580
Kalyina, S., Shahani, T., Biglari, A., Maleki, M., Rokni-Zadeh, H.,
Razavi, Z., & Mahdieh, N. (2019). Mosaic trisomy 22 in a 4-year-old
boy with congenital heart disease and general hypotrophy: A case
report. Journal of Clinical Laboratory Analysis, 33, e22663. https://doi.
org/10.1002/jcla.22663
Kaneko, Y., Kobayashi, J., Yamamoto, Y., Yoda, H., Kanetaka, Y.,
Nakajima, Y., & T., Kawakami. (2008). Intensive cardiac management in
patients with trisomy 13 or trisomy 18. American Journal of Medical
Genetics Part A, 146A, 1372–1380.
Kaulfus, M. E., Gardiner, H., Hashmi, S. S., Mendez-Figueroa, H.,
Miller, V. J., Stevens, B., & Carter, R. (2019). Attitudes of clinicians
toward cardiac surgery and trisomy 18. Journal of Genetic Counseling,
28, 654–663. https://doi.org/10.1002/jgc4.1089
Kehinde, F. I., Anderson, C. E., McGowan, J. E., Jethva, R. N.,
Wahab, M. A., Glick, A. R., … Liu, J. (2014). Co-occurrence of nonmosaic trisomy 22 and inherited balanced t(4;6)(q33;q23.3) in a
liveborn female: Case report and review of the literature. American

10

Journal of Medical Genetics Part A, 164A, 3187–3193. https://doi.org/
10.1002/ajmg.a.36778
Kontomanolis, E. N., Pandya, P., & Limperis, V. (2010). Trisomy 22: The
heart aspect. Journal of Obstetrics and Gynaecology, 30, 627–628.
https://doi.org/10.3109/01443615.2010.494204
Kosiv, K. A., Gossett, J. M., Bai, S., & Collins, R. T. I. I. (2017). Congenital
heart surgery on in-hospital mortality in trisomy 13 and 18. Pediatrics,
140, e20170772.
Lakovschek, I. C., Streubel, B., & Ulm, B. (2011). Natural outcome of trisomy 13, trisomy 18, and triploidy after prenatal diagnosis. American
Journal of Medical Genetics. Part A, 155, 2626–2633.
Lange, R., Guenther, T., Busch, R., Hess, J., & Schreiber, C. (2007). The
presence of down syndrome is not a risk factor in complete atrioventricular septal defect repair. The Journal of Thoracic and Cardiovascular
Surgery, 134, 304–310. https://doi.org/10.1016/j.jtcvs.2007.01.026
Liberman, R. F., Getz, K. D., Lin, A. E., Higgins, C. A., Sekhavat, S.,
Markenson, G. R., & Anderka, M. (2014). Delayed diagnosis of critical
congenital heart defects: Trends and associated factors. Pediatrics,
134, e373–e381. https://doi.org/10.1542/peds.2013-3949
Lin, A. E., Prakash, S. K., Andersen, N. H., Viuff, M. H., Levitsky, L. L.,
Rivera-Davila, M., … Gravholt, C. H. (2019 Aug 16). Recognition and
management of adults with turner syndrome: From the transition of
adolescence through the senior years. American Journal of Medical
Genetics. Part A, 179, 1987–2033. https://doi.org/10.1002/ajmg.a.
61310
Lin, H. Y., Lin, S. P., Chen, Y. J., Hsu, C. H., Kao, H. A., Chen, M. R., …
Chan, W. T. (2007). Clinical characteristics and survival of trisomy
13 in a medical center in Taiwan, 1985–2004. Pediatrics International,
49, 380–386.
Ma, L., Ouyang, Y., Hao, N., Zhao, D., … Meng, H. (2018). Trisomy 22 with
long spina bifida occulta: A case report. Medicine (Baltimore), 97(39),
e12306. https://doi.org/10.1097/MD.0000000000012306
McPherson, E., & Stetka, D. G. (1990). Trisomy 22 in a liveborn infant with
multiple congenital anomalies. American Journal of Medical Genetics,
36, 11–14. https://doi.org/10.1002/ajmg.1320360104
Menasha, J., Levy, B., Hirschhorn, K., & Kardon, N. B. (2005). Incidence
and spectrum of chromosome abnormalities in spontaneous abortions:
New insights from a 12-year study. Genetics in Medicine, 7, 251–263.
Meyer, R. E., Liu, G., Gilboa, S. M., Ethen, M. K., Aylsworth, A. S.,
Powell, C. M., … for the National Birth Defects Prevention Network.
(2016). Survival of children with trisomy 13 and trisomy 18: A multistate population-based study. American Journal of Medical Genetics.
Part A, 170A, 825–837.
Morales-Demori, R. (2017). Congenital heart disease and cardiac procedural outcomes in patients with trisomy 21 and turner syndrome. Congenital Heart Disease, 12, 820–827. https://doi.org/10.1111/chd.
12521
Mortensen, K. H., Young, L., De Backer, J., Silberbach, M., Collins, R. T.,
Duijnhouwer, A. L., … Roos-Hesselink, J. W. (2018). Cardiovascular
imaging in turner syndrome: State-of-the-art practice across the
lifespan. Heart, 104, 1823–1831. https://doi.org/10.1136/heartjnl2017-312658
Musewe, N. N., Alexander, D. J., Techima, I., Smallhorn, J. F., &
Freedom, R. M. (1990). Echocardiographic evaluation of the spectrum
of cardiac anomalies associated with trisomy 13 and trisomy 18. Journal of the American College of Cardiology, 15, 673–677.
Naicker, T., & Aldous, C. (2014). Two trisomy 22 live births in one hospital
in 15 months: Is it as rare as we thought? Fetal and Pediatric Pathology,
33, 35–41. https://doi.org/10.3109/15513815.2013.842273
Oster, M. E., Aucott, S. W., Glidewell, J., Hackell, J., Kochilas, L.,
Martin, G. R., … Kemper, A. R. (2016). Lessons learned from newborn
screening for critical congenital heart defects. Pediatrics, 137,
e20154573. https://doi.org/10.1542/peds.2015-4573
Pavlicek, J., Gruszka, T., Kapralova, S., Prochazka, M., Silhanova, E., ...,
Klaskova, E. (2019). Associations between congenital heart defects

LIN ET AL.

and genetic and morphological anomalies. The importance of prenatal
screening. Biomedical Papers of the Medical Faculty of the University
Palacky Olomouc Czech Republic, 163(1), 67-74. DOI:
10.5507/bp.2018.049 Peet, J., Weaver, D. D., & Vance, G. H. (1998).
49, XXXXY: A distinct phenotype. Three new cases and re-view. Journal of Medical Genetics, 35, 420–424. https://doi.org/10.1136/jmg.35.
5.420
Pelleri, M. C., Gennari, E., Locatelli, C., Locatelli, C., Piovesan, A.,
Caracausi, M., … Cocchi, G. (2017). Genotype-phenotype correlation
for congenital heart disease in down syndrome through analysis of
partial trisomy 21 cases. Genomics, 109, 391–400. https://doi.org/10.
1016/j.ygeno.2017.06.004
Peterson, J. K., Setty, S. P., Knight, J. H., Thomas, A. S., Moller, J. H., &
Kochilas, L. K. (2019). Postoperative and long-term outcomes in children with trisomy 21 and single ventricle palliation. Congenital Heart
Disease, 14, 854–863. https://doi.org/10.1111/chd.12823
Pfitzer, C., Helm, P. C., Rosenthal, L.-M., Berger, F., Bauer, U. M. M., &
Schmitt, K. R. (2018). Dynamics in prevalence of down syndrome in
children with congenital heart disease. European Journal of Pediatrics,
177, 107–115. https://doi.org/10.1007/s00431-017-3041-6
Polli, J. B., Groff, D.d P., Petry, P., Mattos, V. F., Rosa, R. C. M.,
Zen, P. R. G., … Rosa, R. F. M. (2014). Trisomy 13 (Patau syndrome)
and congenital heart defects. American Journal of Medical Genetics. Part
A, 164A, 272–275.
Prakash, S. K., Bondy, C. A., Maslen, C. L., Silberbach, M., Lin, A. E.,
Perrone, L., … Milewicz, D. M. (2016). Autosomal and X chromosome
structural variants are associated with congenital heart defects in
turner syndrome: The NHLBI GenTAC registry. American Journal of
Medical Genetics Part A, 170, 3157–3164. https://doi.org/10.1002/
ajmg.a.37953
Ramachandran, D., Mulle, J. G., Locke, A. E., Bean, L. J. H., Rosser, T. C.,
Bose, P., … Zwick, M. E. (2015). Contribution of copy-number variation
to down syndrome-associated atrioventricular septal defects. Genetics
in Medicine, 17, 554–560. https://doi.org/10.1038/gim.2014.144
Ramachandran, D., Zeng, Z., Locke, A. E., Mulle, J. G., Bean, L. J. H.,
Rosser, T. C., … Zwick, M. E. (2015). Genome-wide association study
of down syndrome-associated atrioventricular septal defects. G3
Genes, Genomes, Genetics Bethesda Md, 5, 1961–1971. https://doi.
org/10.1534/g3.115.019943
Rambo-Martin, B. L., Mulle, J. G., Cutler, D. J., Bean, L. J. H., Rosser, T. C.,
Dooley, K. J., … Zwick, M. E. (2018). Analysis of copy number variants
on chromosome 21 in down syndrome-associated congenital heart
defects. G3 Genes, Genomes, Genetics, Bethesda Md., 8, 105–111.
https://doi.org/10.1534/g3.117.300366
Santoro, M., Coi, A., Spadoni, I., Bianchi, F., & Pierini, A. (2018). Sex differences for major congenital heart defects in down syndrome: A
population-based study. European Journal of Medical Genetics, 61,
546–550. https://doi.org/10.1016/j.ejmg.2018.05.013
Savva, G. M., Walker, K., & Morris, J. K. (2010). The maternal age-specific
live birth prevalence of trisomies 13 and 18 compared to trisomy
21 (Down syndrome). Prenatal Diagnosis, 30, 57–64. https://doi.org/
10.1002/pd.2403
Silberbach, M., Roos-Hesselink, J. W., Andersen, N. H., Braverman, A. C.,
Brown, N., Collins, R. T., … on behalf of the American Heart Association Council on Cardiovascular Disease- in the Young, Council on
Genomic and Precision Medicine, and Council on Peripheral Vascular
Disease. (2018). Cardiovascular health in turner syndrome: A scientific
statement from the American Heart Association. Circulation-Genomic
and Precision Medicine, 11, e000048. https://doi.org/10.1161/HCG.
0000000000000048
Stochholm, K., Juul, S., & Gravholt, C. H. (2010). Diagnosis and mortality in
47,XYY persons: A registry study. Orphanet Journal of Rare Diseases,
5, 15.
Stratton, R. F., DuPont, B. R., Mattern, V. L., Young, R. S.,
McCourt, J. W., & Moore, C. M. (1993). Trisomy 22 confirmed by

11

LIN ET AL.

fluorescent in situ hybridization. American Journal of Medical Genetics,
46, 109–112. https://doi.org/10.1002/ajmg.1320460119
Stressig, R., Körtge-Jung, S., Hickmann, G., & Kozlowski, P. (2005). Prenatal
sonographic findings in trisomy 22: Five case reports and review of
the literature. Journal of Ultrasound in Medicine, 24, 1547–1553.
https://doi.org/10.7863/jum.2005.24.11.1547
Sybert, V. P. (2002). Phenotypic effects of mosaicism for a 47 XXX cell line
in turner syndrome. Journal of Medical Genetics, 39, 217–221. https://
doi.org/10.1136/jmg.39.3.217
Tahara, M., Shimozono, S., Nitta, T., & Yamaki, S. (2014). Medial defects of
the small pulmonary arteries in fatal pulmonary hypertension in infants
with trisomy 13 and trisomy 18. American Journal of Medical Genetics.
Part A, 164A, 319–323.
Tang, R., Lin, L., Guo, X., & Yu, Q. (2019). Ovarian reserve evaluation in a
woman with 45,X/47,XXX mosaicism: A case report and a review of
literature. Molecular Genetics & Genomic Medicine, 7, e32. https://doi.
org/10.1002/mgg3.732
Tartaglia, N., Davis, S., Hench, A., Nimishakavi, S., Beauregard, R.,
Reynolds, A., … Hagerman, R. (2008). A new look at XXYY syndrome:
Medical and psycho- logical features. American Journal of Medical
Genetics. Part A, 146A, 1509–1522. https://doi.org/10.1002/ajmg.a.
32366
Tinkle, B. T., Walker, M. E., Blough-Pfau, R. I., Saal, H. M., & Hopkin, R. J.
(2003). Unexpected survival in a case of prenatally diagnosed nonmosaic trisomy 22: Clinical report and review of the natural history.
American Journal of Medical Genetics Part A, 118A, 90–95. https://doi.
org/10.1002/ajmg.a.10216
Tonni, G., Ventura, A., Pattacini, P., Bonasoni, M. P., & Ferrari, B. (2012).
Complex cardiac defect, bowing of lower limbs and multiple anomalies
in trisomy 22. Ultrasound, post-mortem CT findings with necropsy
confirmation. Fetal and Pediatric Pathology, 31, 439–447. https://doi.
org/10.3109/15513815.2012.659409
Tuuli M.G., Dicke J.M., Stamilio, D.M., Gray, D.L., Macones, G.A.,...,Odibo,
A.O. (2009). Prevalence and likelihood ratios for aneuploidy in fetuses
diagnosed prenatally with isolated congenital cardiac defects,
American Journal of Obstetrics & Gynecology, 201:390.e1-5. DOI:
10.1016/j.ajog.2009.06.035Valenti, C., Schutta, E. J., & Kehaty, T.
(1968). Prenatal diagnosis of Down's syndrome. The Lancet, 292, 220.
https://doi.org/10.1016/s0140-6736(68)92656-1
Van Praagh, S., Truman, T., Firpo, A., Bano-Rodrigo, A., Fried, R.,
McManus, B., … Van Praagh, R. (1989). Cardiac malformations in
trisomy-18: A study of 41 postmortem cases. Journal of the American
College of Cardiology, 13, 1586–1597.
Versacci, P., DiCarlo, D., Digilio, M. C., & Marino, B. (2018). Cardiovascular
disease in down syndrome. Current Opinion in Pediatrics, 30, 616–622.
https://doi.org/10.1097/MOP.0000000000000661
Viuff, M. H., Trolle, C., Wen, J., Jensen, J. M., Nordgaard, B. L.,
Gutmark, E. J., … Andersen, N. H. (2016). Coronary artery anomalies in
turner syndrome. Journal of Cardiovascular Computed Tomography, 10,
480–484. https://doi.org/10.1016/j.jcct.2016.08.004

Weaver, M. S., Starr, L. J., Austin, P. N., Stevenson, C. L., &
Hammel, J. M. (2018). Eliciting narratives to inform care for infants
with trisomy 18. Pediatrics, 42, e20180321. https://doi.org/10.
1542/peds.2018-0321
Wieser, I., Wohlmuth, C., Rittinger, O., Fischer, T., & Wertaschnigg, D.
(2015). Cutaneous manifestations in trisomy 13 mosaicism: A rare case
and review of the literature. American Journal of Medical Genetics. Part
A, 167A, 2294–2299.
Xu, B.-Q., Jiang, X.-C., Wan, L., Wang, S., Yang, Y.-D., & Li, D.-Z. (2019).
Prenatal diagnosis of trisomy 22 at the first trimester of pregnancy.
Journal of Obstetrics and Gynaecology, 25, 1–3. https://doi.org/10.
1080/01443615.2019
Zaidi, S., & Brueckner, M. (2017). Genetics and genomics of congenital
heart disease. Circulation Research, 120, 923–940. https://doi.org/10.
1161/CIRCRESAHA.116.309140
Bjornard, K., Riehle-Colarusso, T, Gilboa, S., Correa, A. (2013). Birth Defects
Research (Part A)97:87–94
Khoshnood, B., Loane, M., Garne, E., Addor, M.C., Arriola, L., Bakker, M...,
Dolk, H. (2013). Recent decrease in the prevalence of congenital heart
defects in Europe. J Pediatr, 162:108-13.e2. doi: 10.1016/j.
jpeds.2012.06.035.
Gilboa, S.M., Devine, O.J., Kucik, J.E., Oster, M.E., Riehle-Colarusso, T.,
Nembhard, W.N., Xu, P., Correa, A., Jenkins, K., Marelli, A.J. (2016).
Congenital heart defects in the United States: Estimating the magnitude of the aAffected population in 2010. Circulation, 134:101-9. doi:
10.1161/CIRCULATIONAHA.115.019307>
Carlson, L.M., Vora, N.L. (2017). Prenatal diagnosis:screening and diagnostic tools. Obstetrics and Gynecology Clinics of NorthAmerica. 44:245256. doi:10.1016/j.ogc.2017.02.004Carlson
Baty, B.J., Blackburn, B.L., Carey, J.C.(1994) Natural history of trisomy
18 and trisomy 13: I. Growth, physical assessment, medical histories,
survival, and recurrence risk. Am J Med Genet.49(2):175-88.
Griffith, C.B., Vance, G.H., Weaver, D.D. (2009). Phenotypic variability in
trisomy 13 mosaicism: Two new patients and literature review.
Am J Med Genet Part A149A:1346–1358.
Burstein, D. S., Gray, P. E., Griffis, H. M.,Glatz, A. C., Cohen, M. S.,
Gaynor, J. W., & Goldberg, D.J. (2019).Preoperative clinical and echocardiographic factors associated with surgicaltiming and outcomes in
primary repair of common atrioventricular canal defect. Pediatric Cardiology.40, 1057-1063. doi:10.1007/s00246-019-02116-0.

How to cite this article: Lin AE, Santoro S, High FA,
Goldenberg P, Gutmark-Little I. Congenital heart defects
associated with aneuploidy syndromes: New insights into
familiar associations. Am J Med Genet Part C. 2019;1–11.
https://doi.org/10.1002/ajmg.c.31760

