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Lisa G. Shaffer, Ph.D., and Laird Jackson, M.D.
ABSTRACT
BACKGROUND

Chromosomal microzarray analysis has emerged as a primary diagnostic too! for the
eviluation of developmencal delay end structural malformestions in children, We
aimed to eveluace the securacy, efficacy, end meremental yiedd of chromoesomal
microarray analysis as compered with karyoty ping for routine prenstal diagnosis.

METHODS

Sampics from women undergoing prenatal diagnoesis at 29 centers were sent Lo a
central karyotyping labozatory, Each sample was split in two; standard karyotyping
was performed on one portion and the other was sent to one of feur laborzatorics for
chromosomal microarray.

RESULTS

We enrollad & total of 4406 women. ludications fur prenatal diagonosis were ad-
vancad maternal age (46.6%), abnormal result on Down's syndrome screening
(18.8%), swructural anomalies on ulrasonography (25.2°%), and other indicatons
(9.4%;). Tn 4340 (OR.8Y) of rhe teral samples. micrearray analysiz waz successiul;
£7.9% of samples conld be used without rissne culmire. Micraamay analysis of the
4282 nonmosaic samples identified all the aneuploidies and unhalanced rearranpe-
ments identified an karyatyping hut did rot identify balanced translocations and
fetz] triploidy. In samples with a normal karvotype, microarray analysis revealed
clinically relevant deletions or duplications in 6.0% with a structural anomaly and
in L7% of those whose indivations were edvanced maternal age or positive screen-
ing resulls,

CONCLUSIONS
Ir. the context of prenatal dizgnostic testing, chromosorial microarray analysis iden-

ified additional, clinically significant cytogenetic information as comparad with
karyotyping and was egually eflicacions in identifying aneuploidies end vebal-
anced rearcangements but did rot identily balanced tanslocations and teiploidies.
(Funded by the Eunice Bennedy Shriver National Institete of Child Health and Hu-
man Development and others; Clinicalloials.gov number, NC1012/9733.)
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Table 3. Frequency and Clinical Interpretation of Microdeletions and Duplications on Chromosomal Microarray in the 3822 Samples
with a Normal Karyotype, According to Indication for Prenatal Testing.

Normal
Indication for Prenatal Diagnosis Karyotype

no.

Any 3822

Advanced maternal age 1966

Positive on Down's syndrome 729
screening

Anomaly on ulirasonography 755

Other 372

Common
Benign

1234 {32.3)
628 (31.9)
247 (31.9)

247 (32.7)
112 {30.1)

Uncertain Clinical
Pathogenic Significance (N=130)
Patertial
Likelyto Be  feor Clinical
Benign Significance
no. (%)

35 (0.9) 69 (1.8)1 61 (1.6)
9 (0.5) 37 (1.9) 25 (1.3)
3(04) 13 (1.8) 9(1.2)

21 (2.8) 16 (2.1) 24 (3.2)
2 (0.5) 3 (0.8) 3 (0.8)

Total Known Pathogenic
and Potential for Clinical

Significance®

no. (%) [95% CIJ}
96 (2.5) [2.1-3.1]
34 (1.7) [1.2-2.4]
12 (1.6) [0.9-2.9)

45 (6.0) [4.5-7.9]
5 (1.3) [0.6-3.1]




Table 3. Frequency and Clinical Interpretation of Microdeletions and Duplications on Chromosomal Microarray in the 3822 Samples
with a Normal Karyotype, According to Indication for Prenatal Testing.

Total Known Pathogenic

Normal Common Uncertain Clinical and Potential for Clinical
Indication for Prenatal Diagnosis Karyotype Benign Pathogenic Significance (N=130) Significance®
Patential

Likelyto Be  for Clinical
Benign Significance

no. no. (%) no. (%) [95% ClJ}

Any 3822 1234 (32.3) 35 (0.9) 69 (1.8)1 61 (1.6) 96 (2.9) [2.1-3.])

Advanced maternal age 1966 628 (31.9) 9 (0.5) 37 (L.9) 25 (L.3) 34 (1.7) [1.2-2.4]

Positive on Down's syndrome 729 247 (31.9) 3 (0.4) 13 (1.8) 9(1.2) 12 (1.6) [0.9-2.9]
screening

Anomaly on ulirasonography 735 247 (32.7) 21 (2.8) 16 (2.1) 24 (3.2) 45 (6.0) [4.5-7.9]

Other{ 372 112 (30.1) 2 (0.5) 3 (0.8) 3(0.8) 5(1.3) [0.6-3.1]
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Table 3. Frequency and Clinical Interpretation of Microdeletions and Duplications on Chromosomal Microarray in the 3822 Samples
with a Normal Karyotype, According to Indication for Prenatal Testing.

Total Known Pathogenic

Normal Common Uncertain Clinical and Potential for Clinical
Indication for Prenatal Diagnosis Karyotype Benign Pathogenic Significance (N=130) Significance®
Patential

Likelyto Be  for Clinical
Benign Significance

no. no. (%) no. (%) [95% CI)t

Any 3822 1234 (32.3) 35 (0.9) 69 (1.8) 61 (L.6) 96 (2.5) [2.1-3.1)

Advanced maternal age 1966 628 (319)  9(05) 37 (1.9) 25 (1.3) 34 (1.7) [1.2-2.4]

Positive on Down's syndrome 729 247 (319) 3 (04) 13 (1.8) 9 (1.2) 12 (1.6) [0.9-2.9]
screening

Anomaly on ulirasonography 755 247 (32.7)  21(2.3) 16 (2.1) 24 (3.2) 45 (6.0) (4.5-7.9]

Otherf 372 112 {30.1) 2 (0.5) 3 (0.8) 3 (0.8) 5(1.3) [0.6-3.1)
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(See also Practice Bulletin Number 163, Screening for Fetal Aneuplo

Prenatal Diagnostic Testing for Genetic
Disorders

Prenatal genetic diagnostic testing is intended to determine, with as much certainty as possible, whether a specific
genetic disorder or condition is present in the fetus. In contrast, prenatal genetic screening is designed to assess whether
a patient is at increased risk of having a fetus affected by a genetic disorder. Originally, prenatal genetic testing focused
primarily on Down syndrome (trisomy 21), but now it is able to detect a broad range of genetic disorders. Although it is

N\

Microarray#& M 1% BT A& Bg ) i
FARBERNENZHTRS

mutation that causes the disease. Karyotype or microar-
fvala should 1 (fered i I |

rforming k micr may not be neces-
sary in a low-risk patient. Also, routine measurement of
amniotic fluid alpha fetoprotein to screen for neural tube
defects may not be necessary in all cases when amnio-
centesis is performed for other indications and the ultra-
sound examination is normal with good visualization of
the fetal spine and head (Table 1).

In patients with a major fetal structural abnormality
found on ultrasound examination, CVS or amniocentesis
with chromosomal microarray should be offered (10).
If a structural abnormality is strongly suggestive of a
particular aneuploidy in the fetus (eg, duodenal atresia or
an atrioventricular heart defect, which are characteristic
thout FISH
ay analysis.
g offspring
WIUl UISUILY 1D, 10, UI £1 DdsCU vl avnurmal serum
screening or cell-free DNA testing, amniocentesis with
FISH plus karyotype or with karyotype alone should be
offered. Additionally, chromosomal microarray analy-
sis should be available to women undergoing invasive

diagnostis
somal m
cells, it is
or stillbir
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Practice Bulletin: Prenatal Diagnostic Testing for Genetic Disorders
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Table 1 Clivmoscane abrommadity symdiomnes associated with CHD

Syndrame

% CHD type
CHD

Chromnasome areaploidy
Trisomy 2|
Tricomy IR
Trisomy 13

A X | Turnzr syndrome )

Chromnasome deletinn
22611 2 deletisr synérome (O Georpe
symdrome, velxcardiolacil
syndrome)

Tpl11.23 microdeletion
(Williams~Eeurzn syadrome)
1p36 dzletion syndrome

11¢23 deletion syndrome (Iacobicn
syndrome)

&d AN'SD (camplese, partial), VSD, ASD, TOF
83 VSN, ASD, TOF DORV, AVSD CoA

§1-64 Conotroncal CHD: TOE, DORV: VSO ASD,
ANVSD; valvulas anomalies

o8 Left-sided cardmc structurzs: bicuspid aartic valve,
AS, CoA, mitral valve ancmalics, HLHS, scrtc
dilaton, dissection

75-80  “Comotruncal ancmaies™ intermipted aortic arch
type B, rumus arteriosus, TOF. TGA,
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anomalies

32 Suoravalvalar aortiz and pulmonary stenosis.
peripherl pulmonary stenosis

a5 ViDL ASD, TOF. CoA, PDA

56 VS0, let heart anomalies

AS aoric stenosis, ASD atric] septal defect, AVSD strnoventricular saptal defec:, CHD congenital hear:
detacts LoA coarctanon o the acrta, DOKV doutle outlet night ventncle, HLHS hypoplastic lett hear:
syndrome, FDA patert ducius aricriosus, TGA transposition of the great anterics, T7OF tetralogy of Fallo:
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Table 10. Risk of Aneuploidy With Selected Cardiac

Malformations

Lesion Risk, %o'13:360.380
Atrioventricular septal defect 46-73
Coarctation/arch interruption 5-37
Double-outlet right ventricle/conotruncal malformations 6-43
Hypoplastic left heart syndrome 4-9
Heterotaxy/cardiosplenic syndromes 0
Pulmonic stenosis/atresia with intact septum 1-12
Transposition of great arteries 0
Tetralogy of Fallot 7-39
Truncus arteriosus 19-78
Tricuspid valve dysplasia (including Ebstein malformation) 4-16

Donofrio MT et al. Diagnosis and treatment of fetal cardiac disease: a scientific statement from the American Heart Association Circulation. 2014;129:2183-2242
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OMIM numnher Gene Re‘erences Locus Cardiac involvement
Alagille syndroma 118150 JAGI Alagille et al. (1975) 20p12.2 Peripheral or valvular
NOTUHZ MeDanizll et al (2006) 1p12 a‘ronﬂy stenosis, TOF,
[olt-Oram 142200 TDXS5 Tlolt and Cram (1960) 12q24.21 ASD, VSD, atrioventricular
Basscn et al. (1997) coaducuon delay, HLHS,
Sietlen ard Perpont (19495) AATWS, T
Noonin syndrome 163950 PTFN11 Tanaglia et al. 2001 12924.13 Pulmonary valve siendsis—
69942 KRAS Schubbert et al. (2006) 12p12.1 ‘\";S‘T"cgﬂgz' ASD,
610733 S0S1 Rooerts ¢t al. (2007) 2p22.1 hype;tm ph" . '
611553 RAF! Pandit et al. (2007, 3p25.2 cardiomyopathy
613224 NEAS Cirstea et al. (J010) Ip132
613706 BRAF Sarkozy et al. (2009) 7934
615355 RIT1 Aoki el al. (2013 122
616559 S0S2 149213
6165641 LZTRI 2q11.21
605275 N8Z Not mapped
[JFOPARD syndrome 151100 FPTFNI11 Digilio et al. (2002) 12092413 Pulmonary SEncsis,
611554 RAF! Pandil el al. (2007 3p25.2 hypertrophic
164757 BRAF Sarkozy ct al. 2009) Tq34 ;"_f;fff;":mmwm
Costello syndrome 218040 HRAS Aoki et al. (2003] 11pl535 Pulmonary stencsis, cardiac
hypertrephy, rhythm
disturbances (at-ial
tachycandia)
Cardicfaciocutanccus syndreme 115150 BRAF Rocriguce-Viciana et al. (2006] 7924 Pulmonary stenosis, ASD,
190070 KKAS Niihor et al (2006) 12p12.1 hypertrophic
176872 MAP2K1 Schulz et al. (2008) 15¢22.31 cardiomyopaty
601263 MAMK2 Rocriguee- Viciana et al. (2006) 19p13.2
CHARGE syndrome 214800 CHD7 Bajpai et al. (2010} 8q12.2 TOF, DORV, aortic arch
SEMA3E Lalari et al. (2004) 7q21.11 aromalies,
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Table 3 Single-gene defects associated with non-syndromic CHD

Gene OMIM Locus CHD
number
GATA4 600376 8p23.1 VSD Zhang et al. (2008)
TOF Tomita-Mitchell ct al. (2007); Zhang ct al. (2008)
AVSD Rojagopal et al. (2012): Zhang er al. (2008)
ASD Garg et al. (2003)
GATAS G11496 20g13.33  AVSD (Ackerman et al. 2012)
GATAG 601656 18q11.2  ASD Lin et al. (2010)
AVSD Maitra ct al. (2010)
TOF Maitra et al. (2010); Lin et al. (2010)
TAC Kodo et al. (2000)
NKX2.5 600584 5q35.1 ASD 4 conduction delay Scholt el al. (1998) and
McElhinney et al.(2003)
VSD Peng et al. (2010) and Wang et al. (2011)
TOT Goldmuntz el al. (2001} and Rauch el al. (2010)
TAC McElhinney et al. (2003)
HLHS McElhinney et al. (2003) and Stallmeyer (2010)
NKX2.6 611770 8p21.2 TAC Heathcote et al. (2005)
Conotruncal malformations Ta-Shma et al. (2014)
ThX1 602054 22q1 1.21  TOT Jerome and Papaioannou (2001)
TBX20 606061 7pld.2 ASD Kirk et al. (2007)
NODAL 601265 10g22.1 Heterotaxy Mohapatra et al. (2009)
GDF! GO2880 19p13.11 TOF, TGA Karkcra ct al. (2007)
NOTCHI 190198 9q34.3 Aortic valve disease Garg et al, (2005)
JAGI 601920 20p12.2  TOF Eldadah et al. (2001)
ZFPM2 603693 Ry23.1 TOTF Pizzut et al. (2003)
ELN 130160 7q11.23  Supravalvular aortic stenosis Ewart et al. (1994) and
Micale et al. (2010)
GJAi 121014 6g22.31  AVSD, HLHS Dasgupta et al. {2001)
MEDI3L 608771 1242421 TGA Muncke et al. (200)3)

(PROSIT240)
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Table 4 Tre most important genes isvolved in the cticogy of GHD

CHD Gorres

ASD GATA4 NKX2.5 TRXS, TBX20, MYHé
vsD GATA4 KKX2.5, TRXS, TBX20, TBX]
AVSD PTPNII, KRAS, SOSI, RAFI, CRELDI
PCA TFAF2B

TAC T8X1

TGA THRAE2, NEX2.5

DORV THRAP2, NEX2.5

TOF NKX2.5, JAGI, TBXI1, NOTCHI, NCTCH?
PS PTPNII, JAG!, NOTCHI

BAN, AS NOTCHI

HLHS NKX2.5 NOI'CHI

AS vorntic sterosis. ASD atnial septal defec.. AVSD atriovertncular septal defect. EAV bicuspid aortic
salve, CHD corgenital heart defects, Cod conrctat.on of the :orte, DORY deuble ostket right veatsicle,

HIHS hypophastis left Feart syndrome, PDA patent dochis arterinens, PS poimonary stenosis, TAC

Cunus anerioses communis. TCA trmposition of the great arterics, TOF wuralogy of Fallot

Table 3 Single-gene defects associated with non-syndromic CHD

Gene OMIM Locus CHD
number
GATA4 600376 8p23.1 VSD Zhang et al. (2008)
TOF Tomita-Mitchell ct al. (2007); Zhang ct al. (2008)
AVSD Rojagopal et al. (2012): Zhang er al. (2008)
ASD Garg et al. (2003)
GATAS 611496 20g13.33  AVSD (Ackerman et al. 2012)
CATAG 601656 18q11.2  ASD Lin et al. (2010)
AVSD Maitra ct al. (2010)
TOF Maitra et al. (2010); Lin et al. (2010)
TAC Kodo et al. (2009)
NKX2.5 600584 5q35.1 ASD 1 conduction delay Scholt el al. (1998) and
McElhinney et al.(2003)
VSD Peng et al. (2010) and Wang et al. (2011)
TOT Goldmuntz el al. (2001} and Rauch el al. (2010)
TAC McElhinney et al. (2003)
HLHS McElhinney et al. (2003) and Stallmeyer (2010)
NKX2.6 611770 8p21.2 TAC Heathcote et al. (2005)
Conotruncal malformations Ta-Shma ct al. {2014)
ThX1 602054 22q1 L.21  TQT Jerome and Papaioannou (2001)
TBX20 606061 7pld.2 ASD Kirk et al. (2007)
NODAL 601265 10922.1  Heterotaxy Mohapatra et al. (2009)
GDF! GO2880 19p13.11 TOF, TGA Karkera ct al. (2007)
NOTCHT 190198 0q34.3 Aortic valve disease Garg et al. (2005)
JAGI 601920 20p12.2  TOF Eldadah et al. (2001)
ZFPM2 603693 Ry23.1 TOTF Pizzut et al. (2003)
ELN 130160 7q11.23  Supravalvular aortic stenosis Ewart et al. (1994) and
Micale et al. (2010)
Gl 121014 6922.31  AVSD, HLHS Dasgupta et al. {2001)
MEDI3L 608771 1242421 TGA Muncke et al. (200)3)
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TABLE 1| A summary of CNVs idenlilied by CMA in non-syndromic CHDS reported in the literature.
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Table I11. Chromosomal abnormality rates in the symmetric, asymmetric and unilateral VM groups, mild and scvere
ventriculomeggly groups associated by gender and anomaly type.

Chromosomal
Cases Fetuses with abnormality rate
—_— chromosomal

n (%) abnormalities (n) n (9%)
Symmetric and bilateral VM 119 85 6 6/119 5
Asymmetric VM 16 114 1 1/16 6.2
Unilateral VM 5 35 0 0/5 0
Mild VM 96 68.6 4 4/96 4.2
Severe VM 14 314 3 3/44 6.8
Male fetuses 65 46.4 1 1/65 1.5
Female fetuses 75 534 6 6/75 R
VM without any major anomaly® 54 38.6 5 5/54 9.3
VM accompanied with major anomaly® 86 614 2 2/86 2.3
Total 140 100 7 7/140 5

Figure 1. Distributior. of the chromosore abnormalties with ventriculom

egely (m,'%).

C. Gezer et al. Chromosome abnormality incidence in fetuses with cerebral ventriculomegaly
Journal of Obstetrics and Gynaecology, July 2014; 34: 387-391
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Dandy-WalkertGH- 5 2B IREE

« fliZA9Dandy-walkerBFFaHRBAEFENLKEF16.3% (FEINREBIREEER)

e 5Dandy-Walkerl&F2 B X<0EE: ZIC1, ZIC4, FOXC1, FGF17, LAMC1, and NID1

Table 3 Pooled proportions (PP) for outcomes in fetuses with isolated Dandy—Walker malformation assessed prenatally for additional
anomalies

Studies Fetuses

Outcome (n) (n/N) 12 (%) Raw (95% CI) (%) PP (95% CI) (%)
Chromosomal anomalies 11 9/60 0 15.00 (7.1-26.6) 16.32 (8.7-25.7)
Additional anomalies detected only at prenatal MRI - 2/18 56.1 11.11 (1.4-34.7) 13.72 (0.2-42.6)
Additional anomalies detected only postnatally

CNS anomalies 6 3/21 0 14.29 (3.1-36.3) 18.19 (6.2-34.6)

Extra-CNS anomalies 5 3/20 0 15.00 (3.2-37.9) 18.93 (6.3-36.2)
Discrepancy between pre- and postnatal diagnosis 6 7/33 54.9 21.21 (9.0-38.9) 28.18 (8.5-53.9)

ANDREA PORETTTI etal. Cerebellar Hypoplasia: Differential Diagnosis and Diagnostic Approach DOI 10.1002/ajmg.c.31398
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. ) Table 1 Distribution of chromosomal abnormalities according
et to NT within the study population (n = 362)
! NT in mm Number of cases ~ Number of cases with
Rapid Ancuploidy Detection =362 in the cohort (%)  chromosome aberrations
(MLPA or QF-PCR) (% within the category)
Trisomy 21 Trisomy 18 XY aneuploidy 45-54 68 (] 9 %) 32 (47 %)
n=63 n=28 n=25
Trisomy 13 Triploidy Normal 55-64 42 (11.6 %) 30 (71 %)
n=9 n=3 n=234
/ 6.5-74 4 (6.6 %) 14 (58.3 %)
Karyotyping n=72 SNP array n=259 7.5-84 (3 9 %) 6 (43 %)
Pathogenic | Pathogenic || Susceptibility unknown (hygroma colli, 25 (7 %) 14 (56 %)
eberation “"Z’;‘;;’;:f&p“ CNVs where NT measurement
n=5 n=1 n=3 was not specified)
Fig. 1 Diagnostic flow and the cytogenetic findings Total 362 137 (38 %)

Srebniak et al. Molecular Cytogenetics (2016) 9:69
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EHNIPT, EBHE3BICPMEIRIZHI T §E 10% (37/362)

FEEY REMLBERFEERERNNIPTE 4% (14/362)
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TET REHMEGERENAINIPTA X 2% (7/362)
FERER R/ EE BINIPTIRE

Srebniak et al. Molecular Cytogenetics (2016) 9:69
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current data on the role of ultrasound In women who have undergene or are consdering cell-free DNA
screening. The following are Soclety for Maternal-Fetal Medicine recommendaticns: (1) in wemen who
have already recaived a negative call-free DNA screening result, ultrasound at 1114 weeks of
gestation solely for the purpese of nucha! translucency measurement (Current Procedural Termnol-
ogy code 76813) is not recommended (GRADE 18); (2) diagnostic testing should net be recommended
to patients solely for the \ndication of an isolated soft marker in the setting of a negative ce'l-free DNA
screen (GRADE 2B); (3) in women with an isolated soft marker that has no other clinical implications
(le, chorold plexus cyst or echogenic intracardiac focus) and a negative call-free DNA screen, we
recommend describing the finding as not ¢! nically significant or as a normal varian: (GRADE 2B); (4) in
women with an isolated soft marker without other cinical implications (e, chorold plexus cyst or
echogenic ntracardac focus) and a negative first- or sacond-trmester screening result, we racom-
mend describing the finding as not clinically signficant or as a normal variant (GRADE 28B); (5) all
women in whom a structural abnermality Is identified by ultrasound shou'd be offered dagnostic
testing with chromosomal microarray (GRADE 1A); and (6) routine screening for microdeletions with
ce -free DNA is not recommended (GRADE 1B).

Key words: aneuploidy assessmen:, aneuploldy screening, call-free DNA screening, nucha' trans-
lucency measurement, serum markers, ultrasound
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he introduction of cell-free DNA (cfDNA) screening for  option for low-risk patients,” ~ while in women at higher risk
aneuploidy into obstetric practice in 2011 revolution-  for common aneuploidies, cfDNA screening may be more
ized the strategies utilized for prenatal testing. The American  accurate for detecting these aneuploidies. In addition, s .
College of Obstetricians and Gynecologists (ACOG)andthe  SMFM has stated that because of the ethics of patient XL EABEGRAHEE WNIPTIHRE A
Society for Matemal-Fetal Medicine (SMFM) both recom- autonomy, after appropriate genetic counseling regarding 1 B

mend that all women should be offered the option of
aneuploidy screening or diagnostic testing for fetal genetic
disorders.'

The most recent guidance addressing this issue suggests
that traditional screening with serum markers and nuchal

the benefits and limitations of cfDNA screening, this option
should be available to women who request additional
testing beyond what is currently recommended by profes-
sional societies.”

The number of different screening and testing options has
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