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Introduction

Routine prenatal ultrasound screening and improvements 
in ultrasound technology and technique have increased 
prenatal detection of congenital heart defect (CHD) (1,2). 
Mild lesions have been the main contributors to the increase 
in prevalence, e.g., septal defects, while the rate of severe 
lesions has remained stable over the past fifty years (3,4). 
Contributors to the rise in incidence include greater use 

of echocardiography, improvement in echocardiographic 
techniques performed prenatally, and availability of 
healthcare resources. The earliest identifiable genetic cause 
of CHD was aneuploidy (e.g., trisomies 13, 18, 21), and 
fetal ultrasound findings and maternal serum biomarkers 
screening for aneuploidy has been a standard component 
of prenatal obstetric care. Due to earlier detection of 
fetal anomalies on ultrasound and broader availability of 
screening and diagnostic genetic tests prenatally, testing 
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has shifted earlier to the antenatal period for many of these 
patients. In this review, we will discuss the capabilities and 
limitations of current methods to detect prenatal genetic 
conditions associated with CHD, the latest advancements 
and recommendations for newer genetic tests, and their 
impact on patient outcomes and parental decision-making. 
We will not discuss all of the genetic conditions associated 
with CHD, but rather, focus on key syndromes as a means 
of highlighting the advantages and disadvantages of various 
screening and testing methods.

CHD comprises a spectrum of disease involving 
structural malformations of the heart and/or great vessels. 
Lesions commonly excluded in the literature include 
those found frequently in fetuses (i.e., patent foramen 
ovale and patent ductus arteriosus), lesions difficult to 
detect prenatally (i.e., bicuspid aortic valve), aortopathies, 
cardiomyopathies, and arrhythmias (5,6). There are 
challenges in defining and categorizing cardiac phenotypes. 
For example, complex, non-heterotaxy CHD made up 
of any combination of defects may often be grouped in a 
single, separate category with widely variable phenotypes (5). 
In addition, when discussing prenatally-detected CHD, one 
should also consider the limitations in screening ultrasound 
technique resulting in better detection of anomalies with 
an abnormal four-chamber view, while abnormalities of the 
outflow tract and great arteries are more likely to be missed 
(7,8). This may result in over-representation of lesions 
with malformed chambers and an under-representation of 
outflow tract anomalies in prenatal studies.

Maternal antenatal screening

Standard obstetrical practice includes maternal serum 
screening and detection of ultrasound findings suggestive 
of fetal aneuploidy for all pregnancies. While advanced 
maternal age of 35 years and above was previously an 
indication for screening for fetal aneuploidy, the latest 
recommendations by the American College of Medical 
Genetics and Genomics (ACMG) and American College of 
Obstetricians and Gynecologists (ACOG) suggest offering 
screening to all expectant mothers regardless of age (9,10). 
All prenatal screening methods are voluntary and may 
be deferred by women who decline genetic information 
on their fetus. Discovery of any fetal anomaly including 
CHD may increase the clinician’s suspicion for a genetic 
condition and prompt further screening. A separate review 
in this special issue will address prenatal detection of CHD 
by ultrasound, therefore we will only mention that certain 

lesions are more readily identified on anatomical scanning 
compared to other lesions so may be disproportionately 
represented in prenatal genetic studies. 

First trimester screening

A combination of nuchal translucency (NT) thickness and 
two maternal biomarkers, pregnancy-associated plasma 
protein A (PAPP-A) and human chorionic gonadotropin 
(hCG), screens for trisomy 21 (Down syndrome) and 
trisomy 18 (Edwards syndrome) in the first trimester. 
Performed between 11 and 13 6/7 weeks’ gestation, NT 
screening measures the width of the skin behind the 
fetus’ neck and may be increased due to the subcutaneous 
collection of fluid often associated with aneuploidies. As an 
independent test, NT screening alone detects approximately 
50–70% of trisomy 21 in the prenatal period. The addition 
of PAPP-A and hCG levels collected between 9 and 13 
6/7 weeks’ gestation improves detection of trisomy 21 by 
approximately 90% (11,12). Abnormal results of decreased 
PAPP-A and elevated hCG levels occur in trisomy 21, 
whereas both biomarkers are reduced in trisomy 18. False 
positives can occur due to incorrect gestational dates 
and multi-fetal gestation, while factors influencing the 
sensitivity of NT screening to detect aneuploidies include 
the presence of cystic hygroma and other genetic conditions 
associated with increased NT. Increased NT (≥3.5 mm) 
alone has also been associated with critical CHD without 
chromosomal abnormalities although it has poor sensitivity 
in cases of isolated CHD (13-15). 

Non-invasive prenatal testing (NIPT): uses and 
implications
Due to the rapidly evolving knowledge related to NIPT 
and its substantial impact on prenatal genetic testing, 
a significant portion of this review will be dedicated to 
discussing past studies and current updates. Advances 
in genomic technology using massive parallel shotgun 
sequencing led to the development of NIPT, a screen 
identifying cell-free fetal DNA sequences originating 
from placental cells and circulating in maternal blood (16). 
During the initial prospective trials, NIPT testing in high-
risk women demonstrated 100% sensitivity and greater 
than 99% specificity for the detection of trisomy 21 (17-19). 
In these trials, NIPT also had excellent sensitivity and 
specificity for trisomy 18 (97% and 100%, respectively) and 
trisomy 13 (Patau syndrome) (79% and 100%, respectively). 
Nicolaides et al. studied the performance of NIPT in the 
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general population of average risk women and found that 
NIPT maintained its accuracy in detecting trisomies 21 
and 18 (20). In two large prospective, blinded, multi-center 
trials, pregnant women of all risk (average and high risk) 
were randomized to receive NIPT or standard first trimester 
screening. Results showed NIPT had higher sensitivity 
and positive predictive value (PPV) in detecting trisomy 
21 (NIPT vs. standard screening, PPV 45.5–80.9% vs.  
3 .4–4.2%, respect ively)  (21,22) .  A meta-analys is 
demonstrated that NIPT had excellent PPV for aneuploidies 
in high-risk women (92%, 84%, and 87% for trisomy 21, 
18, and 13, respectively). However, due to the relatively low 
prevalence of aneuploidy in the general obstetric population 
of average risk, PPV were lower (82%, 37%, and 49% for 
trisomy 21, 18, and 13, respectively) resulting in a higher 
rate of false negatives (23). The consistent message from 
many studies has been while NIPT is very accurate in 
detecting trisomies 21 and 18, and less accurate in detecting 
trisomy 13, NIPT should only be utilized as a screening 
test for aneuploidy and cannot replace invasive diagnostic  
tests (23,24). 

How best to incorporate NIPT into routine prenatal 
care has been debatable ever since its application in the 
clinical setting. Like any of the prenatal screening tests, 
NIPT is voluntary and can be performed as early as 9 to  
10 weeks’ gestation and up to term gestation. In addition, 
it is a more expensive test that patients may need to pay 
out-of-pocket for based on their insurance provider. While 
NIPT is widely covered by commercial plans for high-
risk women, not all insurance providers cover average risk 
women, and currently some state Medicaid programs do 
not cover NIPT for women of any risk (25). NIPT has a 
lower false positive rate compared to NT measurement 
with maternal biomarkers resulting in fewer invasive 
diagnostic testing. However, the low prevalence of trisomy 
21 means many average risk women (1 in 1,868) would 
need NIPT testing to detect one case of fetal trisomy 21 
following a negative routine first-trimester screen (22).  
Additionally, pretest counseling is recommended to explain 
the advantages and limitations of NIPT. When a patient 
has a “screen-positive” result, posttest counseling is strongly 
recommended with possible referral to a medical geneticist 
or certified genetics counselor to discuss the need for 
prenatal diagnostic testing by chorionic villus sampling (CVS) 
or amniocentesis or postnatal genetic testing to confirm 
the diagnosis (26). Emphasis on the role of NIPT as a 
screening tool to patients is paramount, as is the importance 
of diagnostic testing prior to any consideration by the family 

to terminate the pregnancy. Diagnostic testing, whether 
performed prenatally or postnatally, will also provide 
information on the type of chromosomal abnormality (i.e., 
non-balanced translocation or Robertsonian translocation in 
the case of trisomy 21) to better inform parents of recurrence 
risk, as the latter form is inheritable. 

As more women opt for NIPT and testing in the 
general population broadens, better understanding of 
the significance of certain results is also emerging. For 
example, expectant parents of average risk may request 
early NIPT to learn the biological sex of their child before 
the routine anatomical scan in the second trimester when 
external genitalia can be differentiated on fetal sonography. 
As a consequence, inadvertent discovery of aneuploidies 
including SCA may be discovered on NIPT. While 
detection of 45,X (Turner syndrome) was shown to be very 
accurate in high-risk women (sensitivity and specificity of 
93.8% and 99.8%, respectively), incidences of false positives 
can occur due to biological factors including maternal or 
placental mosaicism, maternal malignancy, and a demise of 
a twin (18,27-30). In addition to 45,X, other detectable SCA 
include 47,XXX (Triple X syndrome), 47,XXY (Klinefelter 
syndrome), and 47,XYY (Jacob’s syndrome). There is also 
the possibility of inconclusive results if a sufficient number 
of fetal cells is unobtainable. Any unexpected result may 
be distressing to the parents and require additional follow-
up counseling and recommendations for further diagnostic 
testing. Whether NIPT will ultimately avoid or lead to 
more invasive diagnostic testing is still being explored 
(31,32). To date, the ACMG and ACOG have produced 
updated NIPT guidelines broadening inclusion of average 
risk women (10,26). As obstetric practice evolves, an 
increase in the use of NIPT in the general population will 
likely occur. Due to the timing of NIPT, screen-positive 
results in the first trimester will also influence further 
investigation including detailed fetal sonography and fetal 
echocardiography to evaluate for any anomalies including 
CHD due to the higher incidence of structural anomalies 
associated with common aneuploidies and SCA. Whether 
expanded NIPT utilization results in improved detection of 
CHD will need investigation in the future.

Invasive prenatal testing: chorionic villus sampling and 
amniocentesis
All of the screening tests discussed at this point recommend 
following abnormal results with the option of invasive 
diagnostic testing by CVS or amniocentesis. While 
amniocentesis occurs during the second trimester, it will 
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be discussed here together with CVS. CVS is performed 
between 10 and 13 weeks’ gestation and involves an 
ultrasound-guided procedure to collect chorionic villi 
cells from the placenta through either a transcervical 
(more common method) or transabdominal approach. 
Amniocentesis, performed between 14 and 20 weeks’ 
gestation, is an ultrasound-guided procedure using a needle 
to enter the amniotic sac and remove amniotic fluid. The 
amniotic fluid contains cells shed by the fetus and so can 
be used for genetic testing. Samples from both procedures 
are sent for genetic evaluation based on the suspected 
diagnosis. For example, in the case of an NIPT result that 
is “screen positive” for trisomy 21, karyotype analysis would 
be the confirmatory test of choice. The different types of 
diagnostic genetic tests will be discussed later in the review 
in greater detail. 

If indications for invasive diagnostic testing present 
in the first trimester, CVS can be performed. One of the 
advantages of CVS is the opportunity to receive a diagnosis 
earlier in the pregnancy allowing for more management 
options. Risks of the procedures are rare but significant, 
with a meta-analysis showing a procedure-related risk of 
miscarriage of 0.20% with CVS and a procedure-related 
risk of miscarriage of 0.30% with amniocentesis (33). 
Rarer complications with CVS include limb-reduction 
defects, and milder complications involve vaginal spotting 
and amniotic fluid leakage. Due to these risks, parents 
may defer prenatal testing and wait for confirmation 
after the birth of their child. Beginning in 2001, prenatal 
serum and ultrasound screening for trisomy 21 resulted 
in a decline in the rates of invasive diagnostic testing, 
suggesting that lower rates of false positives contributed 
to a reduction in invasive procedures (34,35). Conversely, 
all pregnant women may be offered prenatal screening or 
diagnostic testing for aneuploidy, meaning a woman may 
opt for invasive diagnostic testing regardless of screening  
results (9,36). 

Second trimester screening

The quadruple marker test, also known as the quad screen, 
is a prenatal screen performed in the second trimester of 
pregnancy to screen for aneuploidy, neural tube defects, and 
abdominal wall defects. Maternal biomarkers are collected 
between 15 and 18 weeks’ gestation (can be up to 22 6/7 
weeks’ gestation) and consist of alpha-fetoprotein (AFP), 
hCG, unconjugated estriol (uE3), and dimeric inhibin A. 
Findings of low AFP and uE3 with elevated hCG and 

inhibin A are seen in most cases of trisomy 21. In cases of 
trisomy 18, AFP, hCG, and uE3 are lower than normal. 
The test was formerly known as “the triple test” before the 
addition of inhibin A. The quad screen has replaced the 
triple screen as the test of choice in the second trimester, 
favored for its higher sensitivity and lower false-positive 
rate (34). When used as a stand-alone screen in all women, 
the quad screen has an 88% detection rate for trisomy 21, 
improving to 96% when integrated with first-trimester 
measurements (11). The quad screen is not a reliable test for 
other types of aneuploidy, and inaccurate results can occur 
with multiple gestation and inaccurate gestational dates. 

Detection of fetal anomalies by ultrasonographic 
screening
Since its introduction in the 1960s, innovations in 
ultrasound technology and techniques have improved the 
capability to delineate fetal anatomy and identify early 
indicators of congenital anomalies. Fetal sonography 
during the first trimester, routinely performed to estimate 
gestational age, evaluate number of fetuses, and measure 
NT, can also detect severe malformations such as 
anencephaly, omphalocele, and limb anomalies. For CHD, 
detection rates are roughly 50% in the first trimester  
(37-39). It is currently part of routine prenatal care in 
resource-abundant countries to perform anatomical 
ultrasound of the fetus during the second trimester, typically 
between 18 and 22 weeks’ gestation. While the anatomical 
ultrasound can uncover more CHD, detection rates vary 
widely (40). This review will focus on sonographic findings 
that may prompt additional genetic testing. 

The detection rate of anomalies by anatomical scanning 
in the second trimester approximates 60% but widely varies 
based on experience of the ultrasonographer, body-mass 
index of the woman, patient population included in the 
study (e.g., tertiary vs. non-tertiary center), and severity 
of the anomaly (41). Major anomalies associated with 
aneuploidy typically visualized on ultrasound include CHD, 
omphalocele, and cleft lip-palate. In contrast, non-specific 
sonographic markers, also known as “soft markers,” may 
be variants of normal but also associated with aneuploidy. 
Examples of more significant soft markers include 
NT (described above); absent nasal bone (trisomy 21);  
hyperechoic bowel (trisomy 21 and 18); shortened limbs 
(trisomy 21 and 18); and in-utero growth restriction 
(trisomy 18 and 13) (31,42-44). Many other soft markers 
have been described associated with fetal aneuploidy, and 
interpretation of isolated soft markers presents a challenge 
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to the obstetrician. The genetic sonogram, using calculated 
likelihood ratios for isolated soft markers and maternal 
age, has been shown to improve detection of trisomy 21 
by approximately 10% when risk is modified following the 
results of an abnormal quad screen (45). However, detection 
of soft markers after a low-risk quad screen is unlikely to be 
attributable to aneuploidy, and it is controversial whether 
such findings should be shared with women as it may raise 
undue alarm (31,44). Furthermore, due to its inferior 
performance compared to the NIPT, a genetic sonogram 
is not recommended following the result of a normal  
NIPT (46). Still, incorporation of NIPT into routine 
prenatal care will likely influence indications for anatomical 
scanning and the degree of suspicion for major and minor 
anomalies. While a normal NIPT may be reassuring, it 
cannot replace a detailed anatomical scan as part of the 
routine prenatal care.

An abnormal quad screen with sonographic findings 
associated with aneuploidy, a screen-positive NIPT, major 
structural anomalies detected on anatomical scan, a woman 
at high-risk for genetic anomalies, or patient request, are all 
indications for further invasive diagnostic testing. However, 
the window of opportunity for CVS testing has passed in 
the second trimester so amniocentesis would be the only 
available prenatal option. NIPT as an alternative to invasive 
diagnostic testing following an abnormal anatomical 
sonographic examination should be discouraged, as NIPT 
is inferior to diagnostic genetic tests, screens only for 
aneuploidy, and may delay diagnosis (47). If parents defer 
amniocentesis, diagnosis can be confirmed after delivery. 

Genetic evaluation for fetal CHD

Aneuploidy was the first identifiable genetic condition 
associated with CHD, with cardiac anomalies  in 
“mongolism” first reported as early as the 1920s (48). 
Subsequently, what we know now as trisomy 21 was 
first recognized as a cytogenetic abnormality in the 
late 1950s (49). Considerable progress made in medical  
knowledge coupled with innovation in genetic testing has 
expanded the identification of syndromic causes for CHD in 
approximately 20% to 30% of patients. Genetic conditions 
associated with CHD are comprised of aneuploidies in 
9% to 18%, single-gene disorders in 3% to 5%, and 
pathogenic copy number variants (CNVs) in 3% to 25% 
(50-53). While most identified genetic causes are de novo, 
the role of genetics in CHD is further supported by reports 
of higher risk of recurrence in families compared with the 

population (54), increased occurrences in consanguinity (55), 
and Mendelian, or inherited, forms of CHD in 1.8% (56). 
For example, inherited point mutations involving cardiac 
transcription factors (e.g., NKX2.5, ZIC3) and signaling 
molecules (e.g., NOTCH1) have been shown to cause  
CHD (53). Adding complexity to the genetics of CHD 
is the incomplete penetrance and variable expressivity 
of  certa in genotypes ,  result ing in  a  spectrum of  
phenotypes (57). Hence, genetic testing of parents 
following an identified genetic cause in the offspring will 
help identify cases of inheritance even if the parents do 
not exhibit the phenotype. However, most cases of CHD 
have no clearly identified cause and may be attributable to 
gene-environment interactions. Examples of environmental 
risk factors known to contribute to CHD are maternal 
pregestational diabetes, teratogens during pregnancy such 
as tobacco exposure and retinoic acid, advanced maternal 
age, and infection (58). 

The primary goal of prenatal genetic testing is to help 
identify known genetic causes of CHD. Selection of the 
best type of genetic test for diagnosis may be guided by 
the presence of syndromic findings in the fetus and/or 
anatomical anomalies. Advancements in genetic technology 
have resulted in the rapid adoption of newer genetic 
tests in the clinical setting that has impacted traditional 
prenatal care as demonstrated by NIPT discussed above. 
As next-generation sequencing technology progresses, tests 
currently used in population research studies may soon join 
the arsenal of prenatal genetic diagnostic tests.

Syndromic CHD: identification of aneuploidy

The first- and second-trimester screening options best target 
detection of aneuploidies, therefore karyotype analysis is the 
most commonly performed genetic test performed on fetal 
cells obtained by CVS or amniocentesis. Karyotyping is the 
gold standard for evaluating any aneuploidy including SCA. 
It involves gross examination of the chromosomes under 
microscopy and identifying differences in the appearance 
suggestive of a large chromosomal rearrangement (e.g., 
large deletions and duplications, translocation, inversion), 
or aberrances from the expected pair of chromosomes (i.e., 
monosomy, trisomy, and triploidy). Due to the involvement 
of a large number of genes in aneuploidy, the phenotype has 
broad range of effects in various body systems. For example, 
chromosome 21 is comprised of 200 to 300 genes, and 
the classic phenotype of trisomy 21 has features including 
distinct facies, intellectual disability, distinct personality, 
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hypotonia, blood disorders, and hypothyroidism (59). A 
limitation of karyotype is the 7–14 days for turnaround of 
results as cells need to be in metaphase just prior to cell 
division for analysis. 

Syndromic CHD: identification of sex chromosome 
aneuploidy

Prenatal karyotyping has improved the prenatal diagnosis of 
SCA, whether performed due to suspicious prenatal findings 
or detected incidentally (60). One example of SCA, 45,X, 
is due to the loss of an X chromosome. Made up of 800 
to 900 genes, its loss explains the high rate of miscarriage, 
estimated to be 99% (61). In contrast, the majority of viable 
livebirths exhibit mosaicism (45,X/46,XX), and the typical 
phenotype can range from normal to relatively mild in the 
newborn period, with additional features of short stature and 
infertility presenting later in life (62). Maternal quad screen 
suggestive of 45,X consists of elevated hCG and inhibin A 
with slightly lower levels of aFP and uE3. However, unlike 
the common trisomies, maternal serum biomarkers and 
anatomical scanning are not accurate in detecting SCA, nor 
are they associated with advanced maternal age (63). The 
affected fetus may exhibit sonographic findings suggestive 
of the syndrome such as cystic hygroma, increased NT, 
non-immune hydrops, renal anomalies, and coarctation of 
the aorta, a cardiac lesion commonly associated with 45,X (as 
is bicuspid aortic valve but it is more difficult to detect on 
fetal echocardiogram) (60). These findings are non-specific 
and isolated fetal sonographic findings may not trigger 
suspicion for an underlying genetic condition to prompt 
further work-up. Predictions of the phenotype based on the 
results of prenatal karyotype positive for 45,X are difficult, 
and in the case of a normal fetal sonographic examination 
and incidental karyotype, a milder phenotype is more likely. 
Unique to cases of 45,X, postnatal confirmation is important 
due its milder phenotype and frequent cases of mosaicism 
requiring 20 to 30-cell analysis. Additional studies may be 
warranted to screen for occult Y chromosome mosaicism or 
ring chromosome mosaicism for future prognostication (62). 

Since the increasing popularity of NIPT in prenatal 
screening, particularly for expectant parents interested in 
identification of the sex earlier in the pregnancy, the rate 
of pregnancies diagnosed with SCA has increased. In a 
meta-analysis, the detection rate for 45,X and other non-
45,X SCA on NIPT has been reported to be 90% and 
93%, respectively (64). False positives may occur due to 
factors such as confined placental mosaicism, maternal 

source of circulating 45,X related to an age-related loss 
of X chromosome, and maternal malignancy (27,65). For 
these reasons, screen-positive results for SCA still require 
prenatal or postnatal confirmation. 

Syndromic CHD: identification of copy number variants 
(CNVs)

CNVs are deletions or duplications of DNA sequences 
and are common in normal individuals ,  found in 
4.8% to 9.5% of the human genome in the reference  
population (66). In large case-control population studies, 
de novo and rare CNV (found in less than 1% of the 
population) predicted to be deleterious to protein function 
are more likely to be associated with rare diseases and 
birth defects such as CHD due to negative (or natural) 
selection. Large CNV in protein-coding regions impact 
multiple genes and typically cause broader phenotypic 
effects, and deletions are typically more deleterious than  
duplications (51). The clinical genetic tests most sensitive 
for CNV are fluorescence in situ hybridization (FISH), 
targeting specific regions of interest, and chromosomal 
microarray (CMA), a genome-wide approach (also known 
as array comparative genomic hybridization). FISH utilizes 
fluorescent-labeled probes complementary to the regions 
of interest and is used prenatally for the rapid diagnosis (in 
24–48 hours) of trisomies, gender, or specific deletions or 
duplications of at least 4Mb (67). Important limitations of 
FISH are the need for clinical suspicion of a specific genetic 
condition and the potential to miss microdeletions.

T h e  m o s t  c o m m o n  m i c r o d e l e t i o n ,  2 2 q 1 1 . 2 
deletion syndrome, encompasses DiGeorge syndrome, 
velocardiofacial syndrome, and Takao conotruncal anomaly 
face syndrome. Most cases are de novo, but may be inherited 
in approximately 15% of cases (68). Notable about this 
genetic condition is the broad spectrum of phenotypes 
due to variable expressivity, or the degree a genotype is 
phenotypically expressed, ranging from no visible phenotype 
to stillbirth in the most severe manifestation (57,69). The 
characteristic phenotype of 22q11.2 deletion has been 
well-studied and includes CHD in 75% to 80%, palatal 
abnormalities, hypocalcemia from hypoparathyroidism, 
immunodeficiency from thymic aplasia or hypoplasia, 
and neurodevelopmental impairment (53,70). It has been 
suggested that certain conotruncal and arch anomalies 
should prompt prenatal testing for 22q11.2 deletion 
including Tetralogy of Fallot, interrupted aortic arch type 
B, truncus arteriosus, isolated aortic arch anomalies, and 
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pulmonary atresia with ventricular septal defect and major 
aortopulmonary collateral arteries (MAPCAs) (57). While 
FISH can capture as many as 96% of 22q11.2 deletion 
cases, in cases of microdeletion too small for detection by 
FISH, CMA will be required for diagnosis (68). Lastly, the 
underlying limitation of population studies for 22q11.2 
deletion syndrome is the likelihood of underreporting due 
to undiagnosed cases with normal to mild phenotype, and 
likewise, CHD patients who do not receive genetic testing 
will go undetected (70). 

CMA is becoming a commonly used prenatal diagnostic 
tool in pregnancies affected by fetal anomalies and may 
be performed following a normal FISH or as a first-line 
test if no syndromic condition is apparent. A technique 
that utilizes molecular karyotyping, DNA samples are 
labeled with fluorochromes and undergo hybridization on 
a chip, and patient and control DNA are compared with 
abnormal ratios between the two indicating CNV (71). 
CMA can identify CNV as well as aneuploidies, but the 
advantage of CMA over karyotype and FISH is its greater 
diagnostic yield due to its ability to detect microdeletions 
and microduplications across the entire genome and 
relatively prompt turnaround within 7 days (72,73). A meta-
analysis of CMA testing on fetuses with CHD showed 
CMA increased diagnostic yield by 7% following a normal 
karyotype and 22q11-targeted FISH (74). One disadvantage 
of CMA is its inability to detect balanced chromosomal 
rearrangements, uniparental disomy, and mosaicism (75). 
In addition, clinicians must be aware that CMA platforms 
differ in probe coverage and performance of the platform 
and may miss certain types of mutations or microdeletions 
too small for detection (73). 

As indications for CMA use in prenatal testing continue 
to expand, discovery and interpretation of CNV will 
continue to be challenging, particularly in counseling 
families. Standards were established to help evaluate the 
significance of a CNV and its potential association with a 
disease, changing the classification of CNV from a three-
tiered (pathogenic, variant of uncertain significance or 
VUS, and benign) to a five-tiered system with a scoring 
system for pathogenicity. The five tiers are pathogenic, 
likely pathogenic, VUS, likely benign, and benign (76,77). 
When results are reported, families may not understand 
the implications of a variant’s significance, particularly 
VUS, causing parental confusion and anxiety. One of the 
key responsibilities of posttest counseling is to explain the 
results of a CMA report, particularly when pathogenic 
variants unrelated to the diagnosis of concern are reported. 

Non-syndromic CHD with other anomalies

While some of the more common syndromes have distinct 
clinical findings and excellent screening tests for prenatal 
detection, the vast majority of genetic conditions are 
not easily distinguishable by sonographic examination. 
Structural anomalies are an indication to offer diagnostic 
genetic testing due to the increased likelihood of genetic 
disorder (36,78). In cases of fetuses affected by multiple 
major anomalies, CMA performed following a normal 
karyotype or FISH have been reported to identify clinically 
significant CNV in 10% to 15% of cases (79-81). Some 
studies have put forth recommendations that CMA replace 
standard karyotype or FISH in prenatal diagnostic testing 
due to its higher diagnostic yield (74,82,83). However, 
professional societies including ACMG and ACOG 
recommend a targeted approach, where if the structural 
anomaly is suggestive of aneuploidy, karyotype analysis with 
or without FISH may be offered prior to CMA (36,78). 

Various studies have studied the diagnostic yield and 
utility of prenatal and postnatal CMA testing for all types 
of CHD excluding aneuploidies. Challenges in interpreting 
these studies include discrepancies in the definition of a 
clinically significant variant (namely inclusion or exclusion 
of VUS); the types of cardiac lesions included; platforms 
used for analysis; and contending with pathogenic variants 
not known to be a genetic contributor of CHD (although 
these are often included in calculating diagnostic yield 
of CMA). Focusing on studies conducted during the 
prenatal period for the purposes of this review, the largest 
prospective prenatal study to date by Wang et al. (n=602) 
reported an overall diagnostic rate (pathogenic CNV only) 
of 20.8% in fetal CHD with higher rates in fetuses with 
extracardiac anomalies compared to isolated CHD (35.9% 
vs. 14.3%, respectively) (83). This is similar to two other 
smaller prospective studies reporting overall diagnostic rates 
of 18.3% to 20.8% (84,85). In other studies that evaluated 
the diagnostic yield of CMA following a normal karyotype 
and/or FISH, the diagnostic yield was more discrepant 
(6.6% to 33.8%) (86-89). A large retrospective study by van 
Nisselrooij et al. reported a diagnostic yield of 15.6% in all 
fetal CHD (28.7% in CHD with extracardiac anomalies, 
11.6% in isolated CHD) (90). 

There has been considerable interest in the significance 
in pathogenic CNV discovered in CHD, and case-control 
studies have consistently shown a higher incidence of rare 
and de novo pathogenic CNV in CHD patients compared to 
controls (6). Studies have also investigated the likelihood of 
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different outcomes in growth, neurocognitive delays (91),  
transplant-free survival (92), and survival (93) in CHD 
patients with pathogenic CNV compared to those CHD 
patients with none identified. We are far from accurately 
prognosticating long-term outcomes based on the 
identification of pathogenic CNV alone, particularly in 
the prenatal period. However, as more CMA testing is 
performed and our knowledge of clinically significant CNV 
and associated phenotypes grows, the ability to interpret 
variants and identify new genotype-phenotype associations 
will improve and how to best responsibly provide such 
information to patients will continue to evolve.

Single gene variants: gene panels and beyond

A small subset of CHD are associated with single gene 
disorders that are undetectable by FISH, karyotype, or 
CMA. Single nucleotide polymorphisms, or SNPs, occur 
when a nucleotide is replaced by another nucleotide 
different from a “reference population” representative of 
a healthy individual. In order for a SNP to be significant 
it must be rare (found in less than 1% of the population), 
cause a change in an amino acid, splice site, or result in 
a STOP codon, thus predicted to change the structure 
or function of a protein. Insertions or deletions, or 
indels, resulting in frameshift mutations are considered 
deleterious for the same reasons. In CHD the vast majority 
of single gene disorders are de novo, however Noonan 
syndrome is a syndrome included in a group of autosomal 
dominant disorders (e.g., cardiofaciocutaneous syndrome, 
Costello syndrome) known collectively as RASopathies. 
RASopathies, named for the involvement of various genes 
in the RAS-mitogen-activated protein kinase (RAS/MAPK 
pathway), share features of CHD, developmental delay, and 
physical dysmorphisms (94). In Noonan syndrome, missense 
mutations in PTPN11 account for approximately half of 
patients with Noonan syndrome and have been associated 
with pulmonary valve stenosis (95). RAF1 mutations 
causing Noonan syndrome have also been associated with 
hypertrophic cardiomyopathy (96). Clinical diagnosis is 
challenging due to a heterogeneous phenotype and even 
more challenging in the prenatal period but affected fetuses 
may present with CHD, polyhydramnios, increased NT or 
cystic hygroma, pleural effusion, or hydrops fetalis (94,97). 
In pregnancies with increased NT (at least 3 mm) where 
aneuploidy has been ruled out, Noonan syndrome could be 
considered, as it is the most common single gene disordered 

associated with NT (98). Overall, fetal sonographic findings 
for Noonan syndrome are non-specific and make diagnostic 
discovery challenging (99,100). Targeted gene panels are 
available and include multiple genes of interest, for example 
genes in the RAS/MAPK pathway that have been associated 
with RASopathies. If guided by clinical suspicion, targeted 
gene testing is cheaper with quicker turnaround of results.

The technology of next-generation sequencing is 
already changing the landscape of prenatal screening and 
detection of genetic conditions as shown with NIPT. As 
the technology advances, its use in the clinical setting 
will continue to grow (101). Whole exome sequencing 
(WES), the method for rapidly sequencing the protein-
coding portion of the genome in parallel, is currently 
being explored in the prenatal setting. In one study, a small 
cohort of fetal CHD (n=44) with normal karyotype and 
CMA results received targeted next-generation sequencing 
comprised of a panel of 77 CHD-associated genes. CHD-
related pathogenic variants were detected in 14% of fetuses 
with half of pathogenic variants related to syndromes 
without a prenatal phenotype (102). In two large prospective 
studies, WES was performed on fetuses with structural 
anomalies found on ultrasound after normal karyotype and/
or CMA. Diagnostic genetics variants were identified in 
8.5% to 10% of the study population, and 5% to 11.1% of 
fetuses with CHD. Rates were higher if multiple anomalies 
were present (15.4% to 19%) and even higher if at least 
three anomalies were present (up to 35%) (103,104). 
Potential ethical issues arose in the studies involving the 
decision to not report inheritable disorders unrelated to 
the condition of interest and pathogenic variants predictive 
of adult disease. Disadvantages of WES include the cost as 
well as the longer turnaround for results of three to eight 
weeks, but both of these issues are expected to improve over 
time (102,103). While WES is generally accepted as useful 
for prenatal diagnosis by the medical genetics community, 
the role of WES in the prenatal period is unique with 
controversy and contention related to reporting of 
“actionable results” (results that have preventative measure 
and/or treatment) and incidental findings to families (105). 

The impact of prenatal diagnosis on the family 

All families expect the good news of a healthy pregnancy, 
so the diagnosis of a CHD coupled with the discovery 
of a genetic condition is unexpected and causes much 
grief and distress to the parents (106,107). After careful 
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multi-disciplinary counseling by geneticists, cardiologists, 
cardiothoracic surgeons, and neonatologists, parents need 
as much information as possible to make the best-informed 
decision for their family. For severe and complex CHD, the 
diagnosis comes with discussions of surgical options and 
risks of post-surgical morbidity and mortality. While most 
parents pursue full medical treatment, the diagnosis of a 
genetic condition or severe CHD increases the likelihood of 
termination of pregnancy or decision to withhold medical 
treatment (108,109). This is especially the case of a trisomy 18 
or 13 diagnosis, both lethal genetic conditions with shortened 
expected lifespans (110). However, most centers in the 
United States have performed cardiac surgical interventions 
on children with trisomy 18 or 13, most commonly for 
ventricular septal defect (111,112). Ethical considerations 
regarding medical and surgical options and counseling of 
families following a prenatal diagnosis are covered in more 
detail in two separate reviews in this special issue (113,114). 

Importantly, advances in medical and surgical care have 
resulted in better long-term outcomes, compelling families 
to pursue of medical treatment regardless of genetic 
conditions or severity of cardiac lesion (e.g., trisomy 21, 
hypoplastic left heart syndrome) (109,115). In addition, 
implementation of genetic technologies such as NIPT has 
not led to an increase in termination rates for aneuploidy 
as was previously feared (116,117). Continuing ethical 
dialogue and education of families and clinicians will be 
essential as we consider the implications of increasing 
prenatal genetic detection to ensure these findings translate 
into better patient outcomes and family understanding.
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