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Genetic correlation between fetal
nuchal translucency thickening and
cystic hygroma and exploration of
pregnancy outcome
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Chromosome microarray analysis (CMA) and whole exome sequencing (WES) are increasingly utilized
in prenatal diagnosis of abnormal ultrasound findings, but studies on correlation between pathogenic
copy number variations (pCNVs) and single-gene mutations in fetuses with nuchal translucency (NT)
thickening/cystic hygroma (CH), and pregnancy outcomes, are rare. This study aimed to investigate
clinical value of CMA and WES for NT thickening/CH in fetuses, explore genetic correlation between
fetal NT thickening and CH, and analyze pregnancy outcomes. We retrospectively selected 215
pregnant women diagnosed with fetal NT thickening (NT > 95th)/CH who underwent invasive

prenatal diagnosis at our hospital from January 2020 to June 2022. With negative chromosomal
karyotype analysis (KA) and CMA results, patients voluntarily underwent WES. Patients were grouped
by NT thickening/CH, and application value of KA, CMA, and WES examined. Ultrasound findings,
pregnancy outcomes, and fetal growth post-birth were followed during mid/late pregnancy and
post-delivery. Abnormalities in chromosomal number were detected in 28 of 215 samples, with a
detection rate of 13.0%, and pCNVs were detected in 12 cases, with a detection rate of 5.6%. The most
common abnormality in fetuses from both groups suggested by CMA was 22q11.21 microdeletion-
microduplication syndrome. 35 patients with negative KA and CMA results underwent WES, and single
gene variants were detected in 12 fetuses, with an abnormality rate of 34.3%. The incidence of adverse
pregnancy outcomes was 28.2% in the NT thickening group and 82.9% in the CH group (P <0.05).
Overall, fetal NT thickening/CH was associated with genetic abnormalities, WES further improved the
diagnosis of abnormal fetuses after negative KA and CMA results in both groups, and the incidence

of adverse pregnancy outcomes was lower in the NT thickening group than in the CH group. The
management of pregnancy outcomes could guide clinical genetic counselling.

Keywords Nuchal translucency thickening, Nuchal cystic hygroma, Genetic examination, Prenatal
diagnosis, Follow-up

Fetal nuchal translucency (NT) is the thickness of fluid accumulated between the skin and soft tissues of the
posterior nuchal region of the foetus at 11-13 +6 weeks of gestation and at a crown-rump length (CRL) of
45-84 mm, which can reflect the lymphatic fluid of the subcutaneous tissues of the foetus'. A small amount of
fluid thickness can be measured in most fetuses. As the lymphatic system develops gradually around the 14th
week of gestation, the lymphatic fluid in the neck returns to the heart through the internal jugular vein and the
NT gradually disappears, ultimately forming the posterior nuchal folds of the skin. As an important indicator
for screening fetal abnormalities in early pregnancy, NT thickening has been shown to be closely associated with
chromosomal aneuploidy, such as T21 and T18, since the 1990s>* and is one of the first indicators used to confirm
the relationship between fetal malformations and soft-index abnormalities. NT thickening may also indicate
abnormalities in fetal organ development, such as congenital heart disease, respiratory, urinary, digestive, and
skeletal malformations, with cardiac malformations being the most frequent™*. A thickened NT may progress
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to a large cystic lymphangioma with or without fetal edema. The vast majority of fetal NT thickenings return to
normal by mid-trimester.

Fetal nuchal cystic hygroma (CH) is a cystic echogenic area within the soft tissue of the skin at the back of
the neck of the fetus and is mainly a lymphatic cyst®. According to the presence or absence of segregation within
the cyst, it can be divided into segregated and non-segregated subtypes, with segregated subtypes accounting
for more than 85% of the total number of cysts. A clinical diagnosis of fetal nuchal cystic hygroma is generally
accepted as a segregated subtype. Fetuses with CH are often associated with chromosomal abnormalities and/
or structural malformations. The incidence of chromosomal abnormalities in fetuses with CH ranges from
40.0 to 63.2%, and these chromosomal abnormalities include 45,X, T18, T21 and T13 combined with cardiac
malformations, skeletal malformations and so on”-%.

The 2020 American College of Obstetricians and Gynecologists (ACOG) guidelines on screening for fetal
chromosomal abnormalities stated that prenatal genetic testing should be routinely performed in cases of NT
thickening®. Chromosome microarray analysis (CMA) is the first-line choice for prenatal diagnosis!'®, which
can detect chromosomal abnormalities in 20-30% of fetuses with NT thickening!!, but the etiology of many
NT thickening cases cannot be explained by CMA, especially when combined with an underlying single-gene
genetic disorder. Whole-exome sequencing (WES) is a second-generation sequencing technology that can be
used for the detection of single-gene genetic disorders!? and has the advantages of a wide range of detection, high
detection rates, and cost-effective testing!>. It was first successfully applied in pediatrics!* and is now gradually
being applied to prenatal diagnosis. Lord et al.!® and Petrovski et al.' found that the diagnosis rate of single-
gene genetic diseases in fetuses with structural abnormalities suggested by ultrasound was 10.0% and 8.5%,
respectively, suggesting that WES can make up for the shortcomings of traditional prenatal diagnosis. In 2020,
the American College of Medical Genetics and Genomics (ACMG) issued guidelines formally recommending
that further prenatal exome testing should be performed to exclude fetal single-gene variants in cases where
ultrasound reveals fetal structural abnormalities and CMA results are normal'”.

Few fetal abnormalities can be detected in early pregnancy, but fetal NT thickening and CH are the two
most important ultrasound abnormalities that can be detected in early pregnancy at 11-13 4 6 weeks. However,
studies on the genetic correlation between these two fetal ultrasound abnormalities are rare. In 2018, Chinese
scholars pointed out in a study of 216 fetuses with NT>3 mm that the significant thickening of NT has a
similar pathophysiological mechanism to the occurrence of CH'®. In 2022, Sumalatha studied the outcome of
pregnancies with first-trimester increased nuchal translucency and cystic hygromas'®. In this study, we analyzed
the KA and CMA results of all patients who underwent interventional prenatal diagnosis for NT thickening/CH
and analyzed the results of further WES testing for negative CMA results, aiming to investigate the clinical value
of CMA and WES for NT thickening/CH in fetuses and to explore the correlation between genetic abnormalities
of fetal NT thickening and CH, in order to provide a basis for clinical genetic counselling and prenatal diagnosis
decision making.

Methods

Participants

From January 2020 to June 2022, 215 pregnant women with singleton pregnancies indicating the presence of
NT thickening/CH during early pregnancy (11 to 13 4 6 weeks of gestation) underwent chromosomal karyotype
analysis (KA) and CMA. The genetic samples collected included 209 cases of amniotic fluid and six cases of
abortion/induced labor tissue. According to the age of the pregnant woman and the gestational week of the fetus
at the time of consultation, the pregnant woman and her family independently chose the appropriate sampling
method after full communication and under the condition of full understanding of the relevant contents, and
informed consent was signed by the woman or her relatives. This study was approved by the Ethics Committee
of the affiliated Yancheng Maternity&Child Health Hospital of Yangzhou University (KY2022010).

Sample collection included the following three methods. (1) Amniocentesis sampling: after 18 weeks of
gestation, scanning guided by a dedicated sonographer and transabdominal amniocentesis sampling guided
by ultrasound were performed by a dedicated prenatal diagnostician. (2) Miscarriage tissue sampling: early
pregnancy miscarriage tissue was selected from the chorionic villi and washed with 0.9% saline to remove the
meconium tissue and avoid contamination of maternal cells as much as possible. Mid-trimester abortion tissue
was obtained from the fetal skin tissue, selected samples without visible blood components, and stored at -20°C.
(3) Peripheral blood sampling: peripheral venous blood (2 mL) from pregnant women and their husbands were
collected and placed in EDTA anticoagulation tubes.

Study design

Fetal samples from patients with NT thickening/CH were collected and parental data were supplemented for
subsequent family analysis. Ultrasound screening was performed at 16-18 weeks in the middle trimester to
observe the fetus for structural malformations and to supplement the morphological data of the fetus.

In this study, the enrolled patients were divided into two major groups according to fetal NT thickening/
CH and then into two subgroups according to whether they were combined with other abnormalities suggested
by ultrasound (including absence of nasal bone, pleural effusion, pericardial effusion, subcutaneous edema,
and cardiac displacement).The NT thickening group was divided into group A (isolated NT thickening > 95th
percentile, n=157) and group B (NT thickening combined with other abnormalities, n=17). The CH group was
divided into Group C (isolated nuchal CH, n=33) and Group D (nuchal CH combined with other abnormalities,
n=38). The cases were subdivided into four groups aimed at categorizing pregnancy outcomes for exploration.
KA and CMA were performed in all patients, WES was performed on fetuses with normal CMA results, and
pregnancy outcomes were followed.
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Experimental procedure
Amniotic fluid cell culture and karyotyping were performed according to standard operating procedures?.

DNA was extracted from chorionic villi, amniotic fluid, or parental peripheral blood according to the
manufacturer’s instructions. The sample volume of DNA was 250 ng, and the quality control requirements of
DNA were OD260/280 values of 1.8-2.0. CMA was performed using CytoScan” 750 K Microarrays (Affymetrix,
Santa Clara, CA, USA). Genomic DNA was digested, linked, amplified, purified, fragmented, labelled,
hybridized, washed, and scanned, and the data were analyzed using the Chromosome Analysis Suite (ChAS 3.2)
software. For the analysis and determination of CNV properties, we used publicly relevant online databases such
as DECIPHER (http://www.sanger.ac.uk), OMIM (http://www.omim.org) and DGV (http://projects.tcag.ca/var
iation). If necessary, the discovered CNV's were further verified by RT-PCR or FISH combined with the analysis
of the parents’ peripheral blood samples?!:?2,

Whole exome sequencing was performed on the remaining DNA samples using NGS. A HiSeq2500 genome
analyzer (Illumina Inc., San Diego, CA, USA) was used. The HGMD (http://www.hgmd.cf.ac.uk/ac/index.php),
gnomAD (http://gnomad.broadinstitute.org), ClinGen (https://www.clinicalgenome.org/), ClinVar (https://ww
w.ncbi.nlm.nih.gov/clinvar/) and NCBI SNP (http://www.ncbi.nlm.nih.gov/snp) were used to analyze potential
pathogenic homozygous and compound heterozygous variants*"?2. Sanger sequencing was used to verify that
the fetuses and their parents had disease-causing or potentially disease-causing mutation sites.

Follow-up

Ultrasound scan reports and clinical information from the second trimester were reviewed, fetal systematic
ultrasound and fetal ultrasound cardiogram (FUCG) results were subsequently obtained, and pregnancy
outcomes, including gestational week of delivery, induction of labor, and pathological findings of the induced
fetus, were recorded. Those who delivered or terminated their pregnancies in our hospital were enrolled through
the e-case system, and those who did not deliver or terminate their pregnancies in our hospital were followed
up by telephone until six months after delivery. All patients were followed up by telephone to assess pregnancy
outcomes, and growth and development after birth, with the last follow-up occurring on 30/06/2023. All of the
above information was stored in local databases (local ultrasound database, antenatal diagnostic workstation,
and hospital database).

Statistical analysis

Statistical software (SPSS 26.0) was used for the data analysis. Normally distributed data, such as age and
gestational age, were expressed as mean + standard deviation, and an independent sample t-test was performed.
Count data, such as rates and percentages, were compared between groups using the chi-square test or corrected
chi-square test at the a=0.05, bilateral test level, and the difference was considered to be statistically significant
at P<0.05.

Results

Study participants

From January 2020 to June 2022, 215 pregnant women with fetal NT thickening (NT > 95th percentile)/cystic
hygroma were enrolled in the study. There were 174 in the NT thickening group and 41 in the nuchal cystic
hygroma group. The flow chart of prenatal diagnosis was shown in Fig. 1. The characteristics of the study
population were summarized in Table 1.

KA and CMA results

Among the 215 patients, chromosomal number abnormalities were detected in 28 patients by KA, accounting
for 13.0% (28/215), T21 was the most common chromosomal abnormality, accounting for 6.0% (13/215). CMA
not only detected all chromosomal number abnormalities, but also 12 additional cases of pCNYV, increasing the
detection rate by 5.6% (12/215) ( Table 2; Fig. 1).

There were 23 cases of chromosomal and pCNV abnormalities in the fetal NT thickening group out of 174
cases (13.2%) and 17 cases of chromosomal and pCNV abnormalities in the fetal CH group out of 41 cases
(41.5%). Six pCNVs were detected in each of the two major groups, and the detection rates increased by 3.4%
(6/174) and 14.6% (6/41) by applying CMA respectively ( Table 2; Fig. 1 ). In the NT group, one case of 22q11.21
microdeletion, two cases of 22q11.21 microduplication, and two cases of 15q11.2 microdeletion were detected,
and in the CH group, two cases of 22q11.21 microdeletion and two cases of 22q11.21 microduplication were
detected (Table 3).

WES results

Of those with normal KA and CMA test results who continued their pregnancy, 35 underwent whole exome
sequencing (WES) testing. The evaluation revealed a total of 12 fetuses (15 loci) with single gene variants, with an
abnormality rate of 34.3% (12/35), which led to abnormalities in various systems. Disorders in the RAS-MAPK
signalling pathway accounted for the highest proportion (50%) of patients (6/12), and involved mutations in
PTPNI11, RIT1, BRAF and SOS1. Hematological disorders accounted for 25% (3/12) of the patients and involved
mutations in CDAN1 and PIEZOI, cardiovascular system diseases accounted for 8.3% (1/12) of the patients
and involved MYH?7 mutation, one case of skeletal system disease involving EVC2 gene mutation, and one case
of renal system disease involving COL4A5 gene mutation. The WES results revealed that the most common
monogenic disease was Noonan syndrome, with 6 cases in both groups; haematological diseases, with 2 in the
NT thickening group and 1 in the CH group; and cardiovascular diseases, with 1 in both groups ( Table 4; Fig. 1).
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A 4 y
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(n=115) (n=23) (n=11) (n=3) (n=11) (n=7) (n=4) (n=2)
Normal Normal Normal n ,' -
(n=18) (n=1) (n=4) Pathogenic variants
y (n=2)
Pathogenic variants Pathogenic variants Pathogenic variants
(n=5) (n=2) (n=3)

Fig. 1. Fetal genetic test results of NT thickening group and CH group. NT, nuchal translucency; CH, cystic
hygroma; KA, karyotype analysis; CMA, chromosome microarrary analysis; pPCNV, pathogenic copy number
variation; WES, whole exome sequencing.

?Isolated NT) | B (NT + Anomalies) ((isolated CH) | D (CH + Anomalies)
Cases 157 17 33 8
Median maternal age - yr 323+53 32.6+3.7 31.8+4.7 329+5.1
CRL-mm 60.2+3.5 61.1+2.9 61.9+3.1 60.8+3.4
Nulliparous-no.(%) 146 11 29 7
Use of assisted reproductive technology - no. 7 1 0 1
Previous pregnancy with inceased in NT or CH | 2 1 1 1

Table 1. Demographic characteristics and phenotypic features. yr, years; CRL, Crown-rump length; NT,
nuchal translucency; CH, cystic hygroma.

Comparison of KA/CMA/WES test results between the two groups

In the NT thickening group, there were 174 patients, KA detected 17 (9.8%) abnormalities, CMA detected a
total of 23 (13.2%) abnormalities, with an additional 6 pCNVs detected in the NT group. 26 patients (26/174,
14.9%) in NT group opted for WES, and 7 abnormalities were detected (7/26, 26.9%). A total of 41 patients
in the CH group and 11 (26.8%) abnormalities were detected by KA, and a total of 17 (41.5%) abnormalities
were detected by CMA, which detected an additional six patients with pCNV's over KA. WES was chosen for
nine (9/41, 22.0%) patients in the CH group, with five abnormal patients, accounting for 55.6% (5/9) of the
sample. Statistical analysis revealed that there was a significant difference in the percentage of fetal KA-positive
results and CMA-positive results between the NT/CH groups (P <0.05, when KA was selected; P<0.05, when
CMA was selected) (Table 5; Fig. 1 ). Compared with the NT group, the CH group had a higher incidence of
abnormalities.

Follow-up results
Among the 215 patients, 6 aborted/induced labor tissues were excluded, 23 of the remaining 209 patients were
lost to follow-up, 186 patients were followed up successfully, and the follow-up success rate was 89.0% (186/209).
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Case | Group | CMA results Fragment size | Pregnancy outcome
1 arr[GRCh37] 15q11.2 (22,770,422 — 23,625,785)x1 del 0.86 Mb TOP
2 arr[GRCh37] 22q11.21(18,916,961 — 21,464,764)X3 dup 2.5 Mb TOP
3 arr[GRCh37] 22q11.21(18,631,365 — 21,800,471)x1 del 3.2 Mb TOP
4 NT arr[GRCh37]16p11.2(28,371,467 — 29,340,593)x3 dup 0.97Mb | TOP
5 arr[GRCh37]22q11.21(18,919,477 — 20,312,661)x3 dup 1.4 Mb TOP
6 arr[GRCh37]15q11.2(22,770,421 — 23,281,886)X1 del 0.5 Mb TOP
7 arr[GRCh37]22q11.21(18,924,718 — 20,299,685)x1 del 3.2 Mb TOP
8 arr[GRCh37]22q11.21(19,024,793 — 21,800,471)x1 del 2.1 Mb TOP
9 arr[GRCh37]11q23.3q24.3(123,678,735—127,019,176)x3 | dup 4.34 Mb | TOP
10 cH arr[GRCh37]1q41.2 (220,400,739 — 223,907,689) X3 dup 3.5 Mb TOP
arr[GRCh37]18q23.3(75,407,781 — 80,373,031)X1 del 5.0 Mb TOP
11 arr[GRCh37]4p16.3p16.1 (69,412-8,717,569)x1 del 8.6 Mb TOP
arr[GRCh37]11p15.5p11.2 (230,980 — 898,031)x3 dup 0.67 Mb | TOP
12 arr[GRCh37]7q12(34,812,374 — 36,220,087) X1 del 1.42 Mb TOP

Table 3. Results of chromosomal microdeletion and microduplication. NT, nuchal translucency; CH, cystic
hygroma; CMA, chromosome microarrary analysis; Del, deletion; dup, duplication; TOP, Termination of

pregnancy.
Chromosome Recurrence
Group | ID | NT(mm) | Diagnostic variants position Inheritance Risk Genetic Disorder Outcome
1|36 EVC2¢.1195 C>T p.Arg399* chr4:5642516 De novo (AD) 1-2% Weyers acrofacial dysostosis TOP
2|47 RIT1 ¢.246T > G p.Phe82Leu chr1:155874285 | De novo (AD) 1-2% Noonan syndrome TOP
3 (35 CDANI c.2591G> A p.Arg864Gln | chrl5:43021275 | Maternal and paternal (AR) | 25% g}fggﬁ‘;"@?iz anemia, TOP
CDANI ¢.2638 C> A p.His880Asn | chr15:43021228
NT 4 (34 COL4A5 ¢.3881G > C p.Gly1294Ala | chrX:107920820 | De novo (XLD) 1-2% Alport syndrome 1, X-linked TOP
5139 PIEZO1 ¢.7523G > A p.Arg2508His | chr16:88782056 | Maternal and paternal (AR) | 25% ER blood group system TOP
PIEZO1 ¢.2009T > A p.Leu670GIn | chr16:88800935
6 | 4.6 SOS1 ¢.1297G > A, p.Glu433Lys chr2:38981549 De novo (AD) 1-2% Noonan syndrome TOP
7 |31 PTPNI1 c.174 C> A p.Asn58Lys chr12:112888158 | Maternal (AD) 50% Noonan syndrome Birth
8 BRAF ¢.2002 A > G p.Met668Val chr7:140439737 | De novo (AD) 1-2% Noonan syndrome TOP
CYP21A2 c.60G > T p.Trp20Cys chr6:32006259 Maternal and paternal (AR) | 25% Adrenal hyperplasia, congenital
cn 9 RPS10¢.337 C>T p.Argl13* chr6:34389570 De novo (AD) 1-2% Diamond-Blackfan anemia 9 TOP
10 PTPNI11 ¢.211T> C p.Phe71Leu chr12:112888195 | De novo (AD) 1-2% Noonan syndrome TOP
11 PTPNI1 c.181G> A p.Asp61Asn chr12:112888165 | De novo (AD) 1-2% Noonan syndrome TOP
12 MYH?7 ¢.1336T > G p.Thr446Pro chr14:23412740 | De novo (AD) 1-2% Cardiomyopathy, dilated TOP

Table 4. Diagnosticvariantss in WES. NT, nuchal translucency; CH, cystic hygroma; AD: autosomal

dominant; AR: autosomal recessive; TOP: Termination of pregnancy.

NT CH
Method | Positive | Negative Total Positive | Negative | Total X2 P
KA 17(9.8%) | 157(90.2%) | 174(100.0%) | 11(26.8%) | 30(73.2%) | 41(100.0%) | 8.525 | <0.01*
CMA 23(13.2%) | 151(86.8%) | 174(100.0%) | 17(41.5%) | 24(58.5%) | 41(100.0%) | 17.481 | <0.01*
WES 7(26.9%) | 19(73.1%) | 26(100.0%) | 5(55.6%) | 4(44.4%) | 9(100.0%) | 1.328 | 0.249

Table 5. Comparison of genetic detection methods between NT thickening group and CH group. NT, nuchal
translucency; CH, cystic hygroma; KA, karyotype analysis; CMA, chromosome microarrary analysis; WES,
whole exome sequencing; * indicated significant difference.

51 patients with genetic abnormalities (29 patients in the NT thickening group and 22 patients in the CH group)
were terminated, except for the birth of 1 foetus with a mutation in the PTPN11 gene. Of the 163 patients with
negative genetic test results, 4 had aborted tissues sent for testing, and 159 had prenatal samples sent for testing;
WES was performed for 35 patients and not performed for 128 patients (Fig. 2; Table 6 ). The overall incidence of

Scientific Reports |

(2024) 14:27191

| https://doi.org/10.1038/s41598-024-76628-y

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

D
Q

Fig. 2. Fetal genetic diagnosis and pregnancy outcomes in NT thickening group and CH group. NT, nuchal
translucency; CH, cystic hygroma; KA, karyotype analysis; CMA, chromosome microarrary analysis; pCNV,
pathogenic copy number variation; WES, whole exome sequencing; TOP, Termination of pregnancy.

NT group | CH group
Miscarriage 2(1.6%) 2(12.5%)
Induced labor with structural malformations | 9(7.3%) 3(18.8%)
Active induced labor 0 6(37.5%)
Neonatal death 2(1.6%) 0
No abnormalities after birth 105(84.7%) | 4(25.0%)
Abnormalities occur after birth 6(4.8%) 1(6.3%)
Follow-up successful(-) 124 16

Table 6. Genetic test negative fetal pregnancy outcome. NT, nuchal translucency; CH, cystic hygroma.

adverse pregnancy outcomes was 39.7% (69/174) and 90.2% (37/41) in the NT thickening group and CH group.
It was significantly different between the two groups (X*>=33.974, P<0.05).

Discussion

In fetuses with N'T thickening, previous studies reported that the detection rate of chromosomal abnormalities
was approximately 20-30% for NT > 3.0 mm, the detection rate of chromosomal abnormalities increased to 40%
for NT >4.5 mm?*?4, and the chromosomal abnormalities included T21, T18, T13, 45,X, triploidy, and so on.
The detection rate of chromosomal abnormalities in CH fetuses ranges from 40 to 63.2%, and chromosomal
abnormalities include 45,X, T18, T21, and T13”%. The results of our study suggest that the detection rate of
chromosomal abnormalities in fetuses with NT thickening by karyotype was 9.8%, which was lower than
the detection rate of approximately 20-30% reported in the literature. The reasons for this difference were as
follows: (1) most patients in our cohort had isolated NT thickening, with a low proportion of other structural
abnormalities in combination (17/174, 9.8%); (2) a greater proportion of patients were in the group with an NT
thickness of 3-3.4 mm. The detection rate of chromosomal abnormalities in fetuses with CH by karyotype in
our study was lower than the 43.3% reported by Corbacioglu and 63.2% reported by Schreurs”#, mainly due to
the low percentage of patients with combined structural abnormalities in our enrolled CH group. Compared
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with the fetuses in the NT thickening group, the incidence of combined chromosomal abnormalities was greater
in fetuses with CH in early pregnancy, and there was a significant difference in the prevalence of chromosomal
abnormalities between the two groups, which provides appropriate guidance for clinical genetic counselling.

At the same time, the detection rate of pPCNVs in the NT thickening group was 3.4%, which was slightly higher
than that reported by Egloff (2.7%)%. It could be related to the fact that the bias we enrolled (174) was much
smaller than the number of cases Egloft enrolled (720). In previous studies, CMA was rarely used for the detection
of CH, which was mostly mixed with NT thickening?*?*. The pCNV:s of the two groups partially overlapped in
our studies, suggesting that NT thickening and CH have a similar genetic etiology. The 22q11.21 region contains
47 protein-coding genes, including OMIM disease-related genes such as TBX1 (602054), RTN4R (605566), and
PI4KA (600286). 22q11.2 deletion syndromes mainly manifest as DiGeorge syndrome (DGS), Velovelo-cardio-
facial syndrome (VCFS), and conotruncal anomaly face syndrome (CAFS)?*?’. The parents of fetuses 3, 7 and 8
decided to terminate the pregnancy after receiving genetic counselling. 22q11.21 duplication syndrome has high
clinical heterogeneity, and its main clinical phenotypes include mental retardation, dwarfism, dysarthria, wide
eye spacing, and hypotonia. Some patients do not have obvious clinical phenotypes and have incomplete explicit
characteristics (penetrance was approximately 21.9%)*%-2%. These patients usually have a family history, and the
parents of the fetuses 2 and 5 decided to terminate the pregnancies after learning about the relevant information.
The 15q11.2 region contains six protein-coding genes and the OMIM causative gene NIPA1 (608145), which is
associated with the dominantly inherited diseases spasticity and paraplegia. According to the literature, 15q11.2
(BP1-BP2) heterozygous deletion is a neurophenotypic susceptibility locus, and carriers of 15q11.2 heterozygous
deletion have major phenotypes, including developmental delays, language disorders, dyspraxia, autism, learning
difficulties, and epilepsy. These phenotypes are characterized by incomplete epistasis (8-10% epistasis) and high
clinical heterogeneity, and most of the 15q11.2 deletions in affected patients are inherited from their parents®.
The child was followed up later by querying the system and by telephone, and follow-up data showed that his
growth and development were normal at present.

In our study, 7 of 26 WES tests were positive in the NT group and 5 of 9 WES tests were positive in the CH
group. Researchers such as Lord J and Petrovski S used WES to detect 93 and 51 fetuses with NT thickening,
respectively, with diagnosis rates of 3.2% and 12%, respectively'>!®. The detection rate of 26.9% in our NT group
was greater than that of 3.2% in Lord’s research and 12% in Petrovski’s research. These differences may be caused
by the number of patients included in our study and differences in NT thickness. WES studies on the use of
isolated fetal CH are relatively rare. The major reports in the literature treated NT thickening and nuchal CH
together without making a clear distinction between them!>16,

In this study, WES results showed that the most common monogenic disease was Noonan syndrome,
involving the PTPN11, SOS1, BRAF and RIT1 genes, all of which could lead to abnormalities in the RAS-
MAPK signalling pathway. Among them, 3 patients had PTPN11 point mutations. The PTPN11 point mutation
causes Noonan syndrome type I (NS), and patients with this mutation have a special face, small body size,
cardiovascular abnormalities and other conditions. It has been shown that lymphatic dysplasia in NS patients
during the embryonic stage interferes with tissue migration, resulting in fetal ultrasonography revealing NT
thickening and CH'®. Among the 12 WES-positive fetuses in this study, 9 had new mutations, and the risk of
the mutation was very low when the mother was pregnant again; therefore, prenatal diagnosis could be used to
rule out related genetic diseases. One patient had an autosomal dominant inheritance from the mother, and the
risk of the fetus developing the mutation was 50% when the mother became pregnant again. Two other cases
were autosomal recessive, the mutation site was inherited from the parents, and the risk of the fetus developing
the mutation was 25% when the mother became pregnant again. WES provides an accurate reference for clinical
genetic counselling.

In addition, hematological diseases were detected in three fetuses in this study, and determining the
relationship between their genotypes and ultrasound phenotypes was difficult. We referred to the Expert
Consensus on Prenatal Whole Exome Sequencing, which recommends that pregnant women and their families
consult a specialist hematologist, given the potential for haematological disorders to lead to serious illnesses
in childhood!>3. Therefore, before the use of WES for the prenatal diagnosis of a fetus, pregnant women and
their families should be fully informed about this technique. Doctors should strictly grasp the technology of
the indication, which is limited to imaging (ultrasound and magnetic resonance imaging) of fetal structural
abnormalities found via genetic etiology screening.

At last, pregnancy outcomes were followed up. Our results showed that the rate of adverse pregnancy was
15.3% in the NT thickening group after no abnormalities were detected by genetic testing and ultrasound.
Previous studies have shown that for fetuses with NT thickening (NT > 3.5 mm), after chromosomal diseases
were excluded by genetic testing and no structural malformations were found during pregnancy, the adverse
pregnancy outcome rate was between 25 and 30%, and only 2.0-4.2% of fetuses were mentally retarded after
birth!73. The results of our study were slightly lower than those of the two previous studies, which could be
related to the number of selected patients with different NT thicknesses. In general, the fetal prognosis was
better in fetuses with NT thickening. However, the prognosis of fetuses with CH was unsatisfactory. When
chromosomal abnormalities and ultrasound structural abnormalities were excluded, the adverse pregnancy
outcomes were still as high as 75.0%. On the one hand, the number of fetuses in the CH group was significantly
lower than that in the NT thickening group; on the other hand, these findings also suggested that the poor
prognosis of the CH fetus was related not only to chromosomal disease, but also to other factors. This conclusion
requires the further inclusion of more fetuses with CH in follow-up studies. When we analyzed the pregnancy
outcomes of the two groups of fetuses, we found that 37.5% (6/16) of the pregnant women in the CH group who
were free of fetal chromosomal diseases and fetal structural malformations still chose to induce labor, which also
posed a great challenge to clinical genetic counselling.
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The limitation of this study was that there were fewer cases of concomitant abnormalities in the two groups of
fetuses, and fewer cases in the CH group were enrolled (19.1%), which may lead to selection bias. We will collect
and include more cases in future studies. Some fetuses with negative CMA and WES results gradually develop a
phenotype after birth, suggesting the urgency of the clinical application of emerging technologies, such as WGS
and RNA sequencing and so on.

In conclusion, based on negative KA and CMA tests in the two groups of fetuses, WES was performed to
improve the diagnostic rate of fetuses with NT thickening/CH, and fetal pregnancy outcomes were followed
up, providing clinicians with reliable clinical data, accurate genetic counselling for pregnant women and their
families, and a basis for their final decision.

Data availability
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