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Clinical Utility and the Yield of Single
Nucleotide Polymorphism Array in
Prenatal Diagnosis of Fetal Central
Nervous System Abnormalities

Meiying Cai', Hailong Huang, Liangpu Xu* and Na Lin*

Department of the Prenatal Diagnosis Center, Fujian Maternity and Child Health Hospital, Affiliated Hospital of Fujian Medical
University, Fujian Key Laboratory for Prenatal Diagnosis and Birth Defect, Fuzhou, China

Applying single nucleotide polymorphism (SNP) array to identify the etiology of fetal central
nervous system (CNS) abnormality, and exploring its association with chromosomal
abnormalities, copy number variations, and obstetrical outcome. 535 fetuses with CNS
abnormalities were analyzed using karyotype analysis and SNP array. Among the 535
fetuses with CNS abnormalities, chromosomal abnormalities were detected in 36 (6.7 %) of
the fetuses, which were consistent with karyotype analysis. Further, additional 41 fetuses
with abnormal copy number variations (CNVs) were detected using SNP array (the
detection rate of additional abnormal CNVs was 7.7%). The rate of chromosomal
abnormalities, but not that of pathogenic CNVs in CNS abnormalities with other
ultrasound abnormalities was significantly higher than that in isolated CNS
abnormalities. The rates of chromosomal abnormalities and pathogenic CNVs in
fetuses with spine malformation (50%), encephalocele (50%), subependymal cyst
(20%), and microcephaly (16.7%) were higher than those with other isolated CNS
abnormalities. The pregnancies for 36 cases with chromosomal abnormalities, 18
cases with pathogenic CNVs, and three cases with VUS CNVs were terminated. SNP
array should be used in the prenatal diagnosis of fetuses with CNS abnormalities, which
can enable better prenatal assessment and genetic counseling, and affect obstetrical
outcomes.

Keywords: central nervous system, copy number variations, obstetrics, SNP-array, prenatal assessment

INTRODUCTION

Fetal central nervous system (CNS) abnormality is one of the most common fetal congenital
malformations, and its incidence rate is about 1% (Onkar et al., 2014). The etiology and mechanisms
of fetal CNS abnormality are still unknown. A previous study has reported that about 40% of the
pathogenic factors may be environmental and genetic (Huang et al.,, 2012). CNS abnormalities
represent a broad clinical spectrum, including mild ventricular enlargement, posterior fossa
widening, hydrocephaly, agenesis of the corpus callosum (ACC), and holoprosencephaly
(Hadzagi¢-Catibusic¢ et al., 2008). With the development of prenatal ultrasound, most fetal CNS
abnormalities are found in prenatal ultrasonic examination. Fetuses with abnormal ultrasound are
usually recommended to undergo invasive prenatal diagnosis, in order to determine whether they
have genetic anomalies, to identify possible etiology, and assess the prognosis of the fetus.
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The traditional karyotype analysis is the gold standard for the
diagnosis of chromosomal abnormalities; however, it is difficult
to determine the chromosomal microdeletions and
microduplications using karyotype analysis, and it takes a long
time for cell culture. Chromosome microarray analysis (CMA) is
increasingly being used for genetic diagnosis in the medical field,
such as for the diagnosis of autism, intellectual disability,
developmental delay, miscarriage, or stillbirth, due to the high
resolution that it offers (Cukier et al., 2014; Reddy et al., 2012;
Sahoo et al.,, 2017). The American Guidelines for Obstetricians
and Gynecologists recommend to replace traditional karyotype
analysis with CMA when ultrasound detects one or more large
structural abnormalities in the fetus; however this has not been
extended to clinical practice (Hanson et al., 2015; Committee
Opinion, 2016). CMA can be divided into two types: microarray
comparative genomic hybridization and single nucleotide
polymorphism (SNP) array, both of which can detect the
chromosomal microdeletions and microduplications. SNP
array can detect not only copy number variations (CNVs), but
also uniparental disomy and chimera.

Through prenatal ultrasound screening, genetic analysis and
clinical consultation, the prognosis of fetuses with CNS can be
evaluated. Fetuses with severe malformations and chromosomal
abnormalities can terminate pregnancy in time, which can
effectively control the birth rate of fetuses with severe
malformations. It is of great clinical significance for guiding
prenatal and postnatal care, reducing birth defects and
improving the quality of newborn population. In this study,
we used SNP array to explore its clinical value in assessing
fetal CNS abnormalities, to better conduct prenatal genetic
counseling and evaluate the possible prognosis of fetuses
according to the genetic etiology.

MATERIALS AND METHODS

Clinical Data

A total of 535 pregnant women with fetal CNS abnormalities were
selected from the Prenatal Diagnosis Center of the Fujian
Provincial Maternal and Children Health Hospital from
November 2016 to July 2020. The study were performed in
accordance with the Declaration of Helsinki. All experiments
were approved by the local ethics committee at the Fujian
Provincial Maternal and Child Health Hospital (2014-042).
All parents were wrote informed consent. The gestational age
of the pregnant women ranged from 12-38 weeks, with an
average of 25.4 weeks. The age of pregnant women ranged
from 17-48 years, with an average age of 28.4 years. Among
the 535 cases, there were 318 cases of isolated CNS
abnormalities and 217 cases of CNS abnormalities with other
ultrasound abnormalities. Isolated CNS abnormalities imply that
ultrasound abnormalities are limited to the CNS. CNS
abnormalities with other ultrasound abnormalities mean that
in addition to CNS abnormalities, abnormalities involving the
heart, urinary, digestive, and other systems are also present. The
318 cases of isolated CNS abnormalities included 142 cases of
mild ventricular enlargement, 89 cases of choroid plexus cyst, 32
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cases of widened posterior fossa, 13 cases of ACC, nine cases of
hydrocephaly, nine cases of arachnoid cyst, six cases of
microcephaly, five cases of subependymal cyst, four cases of
cerebellar hypoplasia, four cases of spine malformation, three
cases of Dandy-Walker syndrome, and two cases of encephalocele
(Figure 1).

Karyotype Analysis

According to the routine methods established by our center (Cai
et al., 2020), cells from the villi, amniotic fluid, or umbilical cord
blood samples of the 535 fetuses with CNS abnormalities were
cultured, harvested, prepared, and G-banded. The prepared
samples were collected and analyzed using the GSL-120
automatic chromosome scanning platform.

SNP-Array

Genomic DNA amplification, hybridization, scanning, and data
analysis were performed using the Affymetrix’s CytoScan 750 K
chip and Illumina kit following the standard operating procedures.
Results were interpretated using the following reference databases:
DGV  (http://projects.tcag.ca/variation), ISCA  (https://www.
iscaconsortium.org/), OMIM (http://www.omim.org),
DECIPHER (htts://decinher.sanger.ac.uk/). According to the
corresponding criteria, the results were divided into benign
CNVs, CNVs with uncertain clinical significance (VUS), and
pathogenic CNVs. In the case of abnormal CNVs, parental
samples were also tested to determine the genetic nature of the
variation and its clinical significance. Pedigree validation was
suggested to all fetuses with pathogenic or probably pathogenic
CNVs and VUS CNV to investigate with SNP array to evaluate a
possible recurrence risk. The classification of VUS CNV will be
reassessed with pedigree validation results.

Statistical Analysis

SPSS 22.0 software was used for statistical analysis. The rates of
chromosomal abnormalities and pathogenicity CNVs were
compared between isolated CNS abnormalities groups and
CNS abnormalities with other wultrasound abnormalities
groups. The x* test was used to compare in groups and the
difference was considered statistically significant when p < 0.05.

RESULTS

Karyotype Analysis of 535 Fetal CNS

Abnormalities

Among the 535 fetuses with CNS abnormalities, 36 fetuses had
pathogenic  chromosomal abnormalities (6.7%, 36/535),
including trisomy 18 (n = 11), trisomy 21 (n = 8), trisomy 13
(n = 3), other chromosome number abnormalities (n = 2),
chromosomal structural abnormalities (n = 12; 46,XY,r
(p22q36), 46XY,r (18) (ql0), 46XYadd (21) (qll.2),
46,XX,add (12) (p13.33), 46,XY,del (5) (p14.3), 46,XX,add (5)
(p15.3), 46,XX,del (15) (p13), 46,XY,del (4) (q25928), 46,XY,del
(5) (q21q31), del (11) (ql4q22), 46,XX,del (13) (q31q34),
46,XY,del (5) (pl5p13), 46,X,add (X) (q28)). The fetuses with
pathogenic chromosomal abnormalities were resulted in
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fetuses with CNS abnormalities

N=535
Isolated CN'S abnormalities CNS abnormalities with other ultrasound abnormalities
N=318 N=217

|
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VM CPC || WPF || acC HC AC Microcephaly SM DWS Encephalocele
N=14 (| N=8 || N=3 || N=13 N=0 | N= N=6 N=5 || N=4 || N=4 [| N=3 N=2

FIGURE 1 | Enrollment of Study Participants, VM, ventricular widening; CPC, choroid plexes cytsts; WPF, widened posterior fossa; ACC, agenesis of the corpus
callosum; AC, arachnoid cyst; SC, subependymal cyst; CH, cerebellar hypoplasia; SM, spine malformation; DWS, dandy-walker syndrome; HC, hydrocephaly.

TABLE 1 | Pathogenic chromosomal abnormalities in fetal CNS abnormalities.

Case Karyotype CNS abnormalities Extra CNS abnormalities
1 47 XX,+18 Choroid plexus cyst -

2 47 XY, +18 Choroid plexus cyst -

3 47 XY, +21 Choroid plexus cyst -

4 47 XY, +21 Choroid plexus cyst -

5 47 XX,+13 Choroid plexus cyst -

6 47 XX, +21 Posterior fossa widened -

7 45X Posterior fossa widened -

8 47 XX,+21 Mild ventriculomegaly -

9 46,XX,add (12) (p13.33) Mild ventriculomegaly -

10 46,XX,del (15) (p13) ACC -

11 47 XX,+21 Microcephalus -

12 46,XY,r (p22936) Spine malformation -

13 46,XY,r (18) (q10) Subependymal cyst -

14 47 XX,+18 Posterior fossa widened Pyelectasis, Single umbilical artery
15 47 XY,+18 Choroid plexus cyst CHD

16 47 XY, +18 Choroid plexus cyst V8D, Strephenopodia

17 47 XY,+18 Choroid plexus cyst Echogenic bowel

18 47 XY,+18 Mild ventriculomegaly Left ventricular hyperecho

19 47 XY,+18 HPE CHD

20 47 XX,+18 Choroid plexus cyst CHD

21 47 XY,+18 Choroid plexus cyst CHD

22 47 XX,+18 Choroid plexus cyst CHD

23 47 XY, +21 Mild ventriculomegaly Thickened nuchal translucency
24 47 XX, +21 Choroid plexus cyst Thickened nuchal translucency, Absent nasal bone
25 47 XY ,+21 Mild ventriculomegaly Absent nasal bone

26 47 XX,+13 HPE Lip and palate clef, CHD

27 47 XX,+13 HPE Lip and palate clef, CHD

28 45,X [30]/46,XX [70] Posterior fossa widened Echogenic bowel

29 46,XY,add (21) (g11.2) Mild ventriculomegaly VSD

30 46,XY,del (5) (p14.9) Cerebellar hypoplasia Thickened nuchal translucency, right aortic arch
31 46,XX,add (5) (p15.3) Spine malformation Short femur

32 46,XY,del (4) (925g28) Mild ventriculomegaly VSD

33 46,XY,del (5) (21g31), del (11) (914922) Choroid plexus cyst Cystic hygroma, Echogenic bowel
34 46,XX,del (13) (931934) HPE FGR

35 46,XY,del (5) (p15p13) Cerebellar hypoplasia Thickened nuchal translucency
36 46,X,add(X) (q28) Choroid plexus cyst FGR

ACC, agenesis of the corpus callosum; CNS, central nervous system; CHD, congenital heart disease; FGR: fetal growth restriction; HPE, holoprosencephaly; P, pathogenicity; VSD:
ventricular septal defect.

pregnancy termination (Table 1). The rates of chromosomal  other ultrasound abnormalities. The rate of chromosomal
abnormalities were 4.1% (13/318) in isolated CNS abnormalities in CNS abnormalities with other ultrasound
abnormalities, and 10.6% (23/217) in CNS abnormalities with ~ abnormalities was significantly higher than that in isolated
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TABLE 2 | The rates of chromosomal abnormalities in isolated CNS abnormalities and CNS abnormalities with other ultrasound abnormalities.

Classification Number of Number of Trisomy

fetuses chromosomal 18
abnormalities

Isolated CNS 318 13 (4.1%) 2

abnormalities

CNS abnormalities with 217 23 (10.6%) 9

other ultrasound

abnormalities

Total 535 36 (6.7%) 11

Trisomy

Trisomy Other chromosome Structural p-values
21 13 number chromosomal
abnormalities abnormalities
5 1 1 4 -
3 2 1 8 —
8 3 2 12 0.003

p < 0.05 compared with isolated CNS anomalies and CNS abnormalities with other ultrasound abnormalities via Xz test.

CNS, central nervous system.

CNS anomalies, and the difference was statistically significant
(P = 0.003, p < 0.05) (Table 2).

Single Nucleotide Polymorphism Array of

535 Fetal CNS Abnormalities

Among the 535 fetuses with CNS abnormalities, in addition to 36
fetuses of chromosomal abnormalities that were detected using
karyotype analysis, additional 41 fetuses of abnormal CNVs were
detected by SNP array. The detection rate of additional abnormal
CNVs was 7.7% (41/535). Among 41 fetuses with abnormal
CNVs, 18 were pathogenic CNVs, and 23 were VUS CNVs. In
the 318 cases of isolated CNS abnormalities group, there were a
total of 26 cases with abnormal CNVs, including eight cases with
pathogenic CNVs and 18 cases with VUS CNVs. In the 217 cases
of CNS abnormalities with other ultrasound abnormalities group,
there were a total of 15 cases with abnormal CNVs, including 10
cases with pathogenic CNVs and five cases with VUS CNVs. The
size of the CNVs detected was between 0.2 and 7.7 Mb. Among
the 18 cases of pathogenic CNVs, eight cases had known
microdeletion/microduplication syndrome, five cases had
16p11.2 microdeletion syndrome, two cases had 22qll.2
microdeletion syndrome, and one case had Miller-Dieker
syndrome (17p13.3p13.2 microdeletion syndrome) (Table 3).
Among 23 fetuses with VUS CNVs, 15 cases had
microduplication, seven cases had microdeletion, and one case
had loss of heterozygosity (Table 4).

The rates of pathogenic CNVs were 2.5% (8/318) and 4.6%
(10/217) in isolated CNS abnormalities and CNS abnormalities
with other ultrasound abnormalities, respectively. The rate of
pathogenic CNVs in CNS abnormalities with other ultrasound
anomalies was higher than that in isolated CNS abnormalities,
but the difference was not statistically significant (P = 0.187, p >
0.05) (Table 5).

The Detection Rate of Chromosomal
Abnormalities and Pathogenic CNVs in
Fetuses With Isolated CNS Abnormalities

The rate of chromosomal abnormalities and pathogenic CNVs in
fetuses with isolated CNS abnormalities was 6.6%. The rates of
chromosomal abnormalities and pathogenic CNVs in fetuses
with spine malformation (50%), encephalocele (50%),

subependymal cyst (20%), and microcephaly (16.7%) were
higher than those with other isolated CNS abnormalities. The
largest number of fetuses with isolated CNS abnormalities were
142 fetuses with mild ventricular enlargement, accounting for
44.7% (142/535) of the total, but the detection rate of
chromosomal abnormalities and pathogenic CNVs was 2.8%
(4/142) (Table 6).

Obstetrical Outcomes

Among the 535 fetal CNS abnormalities, 523 were successfully
followed up. The pregnancies were terminated for fetuses with
chromosomal abnormalities (1 = 36), pathogenic CNVs (n = 18),
and VUS CNVs (n = 3). In addition, pregnancies were terminated
for 25 fetuses with CNS abnormalities. Although karyotype
analysis and SNP array showed normal results, 13 fetuses with
severe nervous system malformations and 12 fetuses with severe
multiple malformations accounted for the termination of
respective pregnancies.

DISCUSSION

The main factor leading to the malformation of the central
nervous system may be genetic. The malformation of the
central nervous system may cause the brain ridge liquid
circulation disorder, and left ventricle deformation or
expansion. Central nervous system once appear abnormal, is
likely to lead to fetal abnormal changes of several brain
ventricles. Fetuses with CNS abnormalities have a poor
prognosis with serious consequences, and due to their
disabling nature, they pose a great burden to individuals,
families, and society after birth. Therefore, it is necessary to
take intervention measures such as intrauterine treatment and
termination of pregnancy as early as possible.

In this study, SNP array and traditional karyotype analysis
were performed on fetuses with CNS abnormalities with or
without other ultrasound abnormalities. Traditional karyotype
analysis detected 36 abnormal karyotypes, and the detection rate
of chromosomal abnormalities was 6.7%. In addition to the 36
cases of CNVs consistent with karyotype analysis, SNP array
detected 41 abnormal CNVs (an additional detection rate of
7.7%). These 41 abnormal CNV's were different in sizes and could
not be identified by traditional karyotype analysis. The results of
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TABLE 3 | The pathogenic CNVs in fetal CNS abnormalities.

Case

- © 0 N O O~ W

o

18

Microarray nomenclature

arr [hg19]16p11.2 (29,567,296-30,190,029) x 1

arr [ng19]Xq28 (152,446,333-153,581,657) x 3,1p36.33036.23 (849,466-592,172) x 1, 1q44 (246,015,892-249,224,684) x 3

arr [hg19] 7G36.3 (155,347,675-156,348,660) x 3
arr [ng19]16p11.2 (29,591,326-30,176,508) x 1
arr [ng19]16p11.2 (29,580,020-30,190,029) x 1
arr [hg19]16p11.2 (28,819,028-29,051,191) x 1
arr [ng19]17p12 (14,099,504-15,491,533) x 1
arr [hg19]22q11.2 (18,648,855-21,800,471) x 1
arr [hg19]5G35.2935.3 (175,416,095-177,482,506) x 1
arr [hg19]15q11.2 (22,770,421-23,277,436) x 1

arr [hg19]16p13.3 (85,880-536,631) x1, 17024.2025.3 (64,966,574-81,041,823) x 3
arr [hg19]17p13.3p13.2 (525-5,204,373) x 1

arr [ng19]16p13.11 (15,422,960-16,508,123) x 1
arr [hg19]22q11.2 (20,730,143-21,800,471) x 1

arr [ng19]16p11.2 (28,810,324-29,032,280) x 1
arr [ng19]15013.2913.3 (31,104,220-32,444,043) x 1

arr [hg19] 2g13 (111,397,196-113,111,856) x 1

arr [hg19]1p36.33p36.32 (849,466-4,894,800) x 1

Size
(Mb)

0.6
1.1
7.7
3.2
1.0
0.6
0.6
0.2
1.3
3.1
20
0.5

0.4

5.2

1.0
1.0

0.2

4.0

CNS abnormalities

Mild ventriculomegaly
Mild ventriculomegaly

Hydrocephaly
Hydrocephaly

Spine malformation
Encephalocele
Posterior fossa widened
Choroid plexus cyst
Mild ventriculomegaly
Dandy-Walker
syndrome

Mild ventriculomegaly

Mild ventriculomegaly,
Cerebellar hypoplasia
Mild ventriculomegaly
Choroid plexus cyst

Mild ventriculomegaly
Holoprosencephaly

(HPE)
Subependymal cyst

Mild ventriculomegaly

Extra CNS
abnormalities

Polyhydramnios
VSD

FGR, VSD, Persistent left
superior vena cava
Strephenopodia

Left ventricular hyperecho
Strephenopodia,
Polyhydramnios
Echogenic bowel, Left
ventricular hyperecho
CHD, Single umbilical
artery

VSD, Persistent left
superior vena cava,
Thickened nuchal
translucency

Renal cysts

Inheritance

de novo
de novo

de novo
de novo
de novo
de novo
de novo
de novo
de novo
Paternal

de novo

de novo

de novo
de novo

de novo

de novo

Maternal

de novo

CNS, Central Nervous System; ACC, Agenesis of the corpus callosum; CNVs, copy number variations;, CHD, congenital heart disease; FGR: fetal growth restriction; TP, termination of pregnancy; VSD: ventricular septal defect.
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TABLE 4 | The VUS CNVs in fetal CNS abnormalities.

Case Microarray nomenclature Size (Mb) CNS abnormalities

1 arrlhg19]1g21.1 0.7
(145,375,770-145,770,627) x 1

2 arrlhg19] 16p13.11 1.3
(15,068,820-16,309,046) x 3

3 arrlhg19]3p22.1 0.4
(42,875,130-43,309,436) x 1

4 arrfhg19]3p25.2 0.5
(12,183,082-12,669,247) x 3

5 arrlhg19]3p26.3 0.8
(1,855,754-2,663,625) x 1

6 arrfhg19]16g23.1 1.2
(75,275,963-76-432-398) x 3

7 arrhg19]3926.1g29 99.1
(163,256,369-197,791,601)
hmz,5p13.1p11
(41,029,137-46,313,469)
hmz,6924.2925
(143,341,406-161,527,784)
hmz,12913.2921.2
(56,011,100-77,134,151)
hmz,17g21.2921.32
(39,639,602-45,479,706)
hmz,21921.3g22.2
(28,124,165-42,352,287)hmz

8 arrfhg19]14g21.2921.3 25
(46,782,405-49,288,860) x1

9 arrlhg19]156g13.3 0.4
(31,999,631-32,444,043) x3

10 arrlhg19]2g36.1936.2 0.9
(224,459,152-225,330,583) x 3

11 arrhg19]10g24.31024.32 0.2
(102,972,457-103,179,063) x 3

12 arrfhg19]18¢21.33 0.2 ACC
(69,681,098-59,784,858) x 1

13 arrlhg19] 5935.3 0.6 ACC
(179,194,643-179,767,135) x 3

14 arrlhg19]20q13.2 1.3
(53,545,723-54,866,110) x 3

15 arrfhg19]15g13.3 0.4
(32,011,458-32,444,043) x3

16 arrlhg19]8p23.2 2.2
(3,7083,883-5,940,433) x3

17 arrfhg19] 1g31.1 4.1
(186,148,297-190,257,668) x 3

18 arrlhg19] 15g11.2 0.8
(22,770,421-23,625,785) x 1

19 arrlhg19]1g21.1g21.2 1.8
(145,958,361-147,830,830) x 3

20 arrlhg19]11p15.1p14.3 1.0
(20,745,930-21,780,075) x 3

21 arrlhg19]18q11.2 1.9
(19,620,590-21,572,153) x 3

22 arrfhg19]15g13.3 0.4
(32,021,609-32,444,043) x 3

23 arrlhg19]1p31.3 (61,886, 1.8
890-63,701,576) x 1

Mild ventriculomegaly
Mild ventriculomegaly
Mild ventriculomegaly
Mild ventriculomegaly
Mild ventriculomegaly
Mild ventriculomegaly

Mild ventriculomegaly

Hydrocephaly
Hydrocephaly
Posterior fossa widened

Posterior fossa widened

Choroid plexus cyst
Choroid plexus cyst
Choroid plexus cyst
Choroid plexus cyst
Choroid plexus cyst
Subependymal cyst
Mild ventriculomegaly
Mild ventriculomegaly
Mild ventriculomegaly

Spine malformation

SNP-array in Central Nervous System Abnormalities

Extra CNS abnormalities Obstetrical outcomes Inheritance
— his) _

- ™D Paternal
— his) _
— D -
- D -
— D -

_ Rb) -

Maternal

Paternal
Paternal
CHD D -
VSD, Hydronephrosis
Tricuspid regurgitation TD Paternal
Echogenic bowel, Left ventricular hyperecho TD -

Thickened nuchal translucency TP de novo

CNS, Central Nervous System; ACC, Agenesis of the corpus callosum; CNVs, copy number variations;, CHD, congenital heart disease; TD, term delivery; TP, termination of pregnancy;

VSD: ventricular septal defect; VUS, uncertain clinical significance.

this study indicated that the etiologies of fetal CNS abnormalities
were related to chromosomal microdeletions and/or
microduplications, in addition to chromosomal abnormalities.
The use of SNP array can make up for the shortcomings of the
traditional karyotype analysis. For fetal CNS abnormalities with
normal karyotype analysis, SNP array should be suggested for
further detection.

Among the chromosomal abnormalities in fetuses with CNS
abnormalities, trisomy 18 and chromosomal structural

abnormalities were the most common, accounting for 31.4%
(11/36) and 34.3% (12/36), respectively, followed by trisomy
21, trisomy 13, and other chromosomal number abnormalities.
The detection rate of chromosomal abnormalities in CNS
abnormalities with other ultrasound abnormalities was
significantly higher than that in isolated CNS abnormalities
(4.1 and 10.6%, respectively, P = 0.003). This indicates that
the abnormality of aneuploidy and large fragment
chromosome causes genetic changes and disturbs the balance
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TABLE 5 | The rates of Pathogenic CNVs in isolated CNS abnormalities and CNS abnormalities with other ultrasound abnormalities.

Classification Number of fetuses

Isolated CNS abnormalities 318
CNS abnormalities with other ultrasound abnormalities 217
Total 535

Number of fetuses with abnormal CNVs P CNVs VUS CNVs  p-values
26 8 (2.5%) 18 (6.7%) -
15 10 (4.6%) 5 (2.3%) -
41 18 (3.4%) 23 (4.5%) 0.187

p > 0.05 compared with isolated CNS anomalies and CNS abnormalities with other ultrasound abnormalities via Xz test.
CNS, Central Nervous System;, P, pathogenic; CNVs, copy number variations; VUS, uncertain clinical significance.

TABLE 6 | Phenotypic characteristics of 318 fetuses with isolated CNS abnormalities.

Isolated CNS abnormalities Number of Number of fetuses with chromosomal Number of fetuses with P Number of fetuses with total
classifcation fetuses abnormalities CNVs (<10 Mb) anomaly
Mild ventricular enlargement 142 2 2 4 (2.8%)
Hydrocephaly 9 0 2 0
Posterior fossa widened 32 2 1 3 (9.4%)
ACC 13 1 0 1(7.7%)
Cerebellar hypoplasia 4 0 0 0
Dandy-Walker syndrome 3 0 0 0

Spine malformation 4 1 1 2 (50%)
Encephalocele 2 0 1 1 (50%)
Microcephaly 6 1 0 1(16.7%)
Choroid plexus cyst 89 5 1 6 (6.7%)
Arachnoid cyst 9 0 0 0
Subependymal cyst 5 1 0 1 (20%)
Total 318 12 9 6.6% (21/318)

ACC, Agenesis of the corpus callosum; CNS, Central Nervous System; CNVs, copy number variations; P, pathogenic.

between genes, thus leading to the malformation of fetal multi-
systems (Hsiao et al., 2009). The rate of pathogenic CNVs in CNS
anomalies with other ultrasound anomalies was higher than that
in isolated CNS anomalies (2.5 and 4.6%), but the difference was
not statistically significant (p > 0.05). Therefore, SNP array is
recommended for fetuses with CNS abnormalities, especially for
those with multiple CNS abnormalities. However, for fetuses with
isolated CNS abnormalities, SNP array should not be considered
because of their low incidence of microdeletions/
microduplications.

The rates of chromosomal abnormalities and pathogenic
CNVs in isolated CNS abnormalities was 6.6%. The rates of
chromosomal abnormalities and pathogenic CNVs in fetuses
with spine malformation, encephalocele, subependymal cyst,
and microcephaly were higher than those with other isolated
CNS abnormalities. Previous studies (Sun et al., 2015) have also
demonstrated that isolated CNS abnormalities could still be
detected at a rate of 6.5-8.3% in case of pathogenic CNVs by
CMA, which could not be detected by traditional karyotype
analysis.

Of the 41 cases with abnormal CNVs, 18 cases had pathogenic
CNVs. Of these 18 pathogenic CNVs, eight cases were known as
microdeletion/microduplication syndrome. There are many
known pathogenic genes that can cause CNS abnormalities
(Huang et al, 2012; Krutzke et al, 2016; Schumann et al,
2016). Eight cases with microdeletions were found in this
study, including five cases with 16pl11.2 microdeletion
syndrome, two cases with 22q11.2 microdeletion syndrome,
and one case with Miller Dieker syndrome (17p13.3p13.2

microdeletion). The most common is 16p11.2 microdeletion
syndrome, with an incidence rate of 0.3% (Rosenfeld et al,
2010). The main clinical symptoms include intellectual
disability and autism spectrum disorder (2015). The gene,
T-box transcription factor 6, is a key gene causing vertebral
deformity in patients with 16pl1.2 microdeletion syndrome
(Al-Kateb et al., 2014). At present, there are few reports on
fetuses with 16p11.2 microdeletion syndrome. Only a few
studies (Hernando, 2002; Li et al., 2017) have reported the
ultrasound anomalies related to 16pll.2 microdeletion
syndrome include cardiac malformation, polycystic kidney,
absence of nasal bone, single umbilical artery, intrauterine
growth retardation, etc. In this study, the five cases with
16p11.2 microdeletion syndrome had different ultrasound
anomalies, including two cases with spine malformation, one
case with hydrocephaly, one case with mild ventricular
enlargement, and one case with other ultrasound abnormalities
besides mild ventricular enlargement. SNP array showed that two
cases had 22q11.2 microdeletion syndrome. The incidence of
22q11.2 microdeletion syndrome is about 1/4,000, and its clinical
phenotypes are diverse (Sullivan, 2008). About 80% of cases with
22q11.2 microdeletion syndrome have various types of cardiac
malformations (Ferencz et al., 1989). In this study, the two fetuses
with 22q11.2 microdeletion syndrome showed no cardiac
malformation. Among these two fetuses with 22ql11.2
microdeletion syndrome, one showed only choroid plexus cyst,
while the other one had choroid plexus cyst and varus and
polyhydramnios. In this study, the SNP array of a fetus
showed there was a 52Mb deletion in pl3.3pl3.2 on
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chromosome 17, which could lead to the Miller-Dieker
syndrome. The incidence of Miller-Dieker syndrome is about
1.2:100,000 (Kiiski et al., 2012; Roos et al., 2009), and is usually
characterized by agenesis of the corpus callosum, microcephaly,
etc (Tang et al, 2016). Ultrasound of this case in this study
showed mild ventricular enlargement, cerebellar hypoplasia, and
other ultrasound anomalies such as varus.

CMA also has its shortcomings, and cases with VUS CNVs
make genetic counseling difficult. According to the literature
(Breman et al., 2012; Faas et al.,, 2010; Hillman et al., 2011), the
detection rate of VUS CNVs by CMA is 1.1-6%. In this study,
among the 535 cases with abnormal CNS, 23 cases had VUS
CNVs, and the detection rate of VUS CNVs was 4.3%, which was
consistent with the previous reports. Among the 23 cases with
VUS CNVs, eight cases were susceptibility loci for
neurodevelopment, including three cases of 15q13.3
duplications, one case of 16pl13.11 duplication, one case of
1q21.1q21.2 duplication, one case of 1q21.1 deletion, one case
of 3p26.3 deletion, and one case of 15q11.2 deletion. The
susceptibility loci for neurodevelopment had incomplete
penetrance, and may be associated with cardiovascular disease,
cognitive impairment, behavioral disorder, and intellectual
disability (Idit Maya et al,, 2018). The incomplete penetrance
of the susceptibility loci for neurodevelopment poses a challenge
for genetic counseling (Oneda and Rauch, 2017). Some VUS cases
including 3p22.1 deletion, 3p25.2 duplication, 3p26.3 deletion,
14q21.2q21.3 deletion, 10q24.31q24.32 duplication, 5g35.3
duplication, 1q31.1 duplication, may only contain 1-3 OMIM
genes, which is not related to the nervous system, but it was
exceeds the reporting threshold. In case 12, 18q21.33 deletion
contain the exon 16-31 of PIGN, homozygous mutations in this
gene lead to multiple congenital abnormalities-hypokalemia-
epilepsy syndrome, the clinical phenotype is lack of motor
development, seizures, multiple malformations and various
congenital abnormalities involving the heart, urinary and
gastrointestinal systems. The fetal was a carriers of recessive
genetic diseases caused by PIGN genes with no further testing.
In recent years, as a new technology, next-generation sequencing
has been used to detect single gene mutations and CNVs, and
may provide a more comprehensive method to better assess the
prognosis of the fetus.

Combining karyotype analysis with SNP array can help
parents with fetuses having CNS anomalies to make decisions
on whether to terminate pregnancy. For example, in fetuses with
mild ventriculomegaly, normal results from SNP array indicate
that the fetus may have a better prognosis, and parents can choose
to continue pregnancy. In this study, among the 523 fetuses with
CNS abnormalities that were successfully followed up, the
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