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Abstract

Background: We compared the diagnostic accuracy and application value of chromosome microarray (CMA)
technique and karyotype analysis for prenatal diagnosis of fetal genetic diseases using different clinical markers.
Methods: This is a prospective clinical study involving 1587 pregnant women who underwent amniocentesis for
prenatal diagnosis due to vatrious abnormal clinical indications in China between May 2018 and Nov 2021. Both
chromosome microarray and karyotype analysis were applied. Participants were categorized into six groups based
on different indications for prenatal diagnosis. The detection rates of chromosome microarray and karyotype analy-
sis were compared. The study utilized SPSS version 20 for data analysis, employing descriptive statistics for count
data results and chi-square statistics for statistical associations between outcomes and predictors.

Results: Chromosome microatray and karyotype analysis detected more abnormal chromosomes in the group with
abnormal NIPT, with positive detection rates of 59.68% and the group in other situation with positive detection
rates of 39.22%. Overall, 343 chromosome abnormalities were detected among participants. Overall, 101 cases
chose induced labor, 240 cases gave birth, 1 newborn died after delivery, 1 case of twin chose selective reduction,
another fetus gave birth, and 1 case lost to follow-up. The detection rate of chromosome abnormality in high-risk
population was mote than 1/5, highlighting the importance of reducing the incidence of birth defects through in-
terventional prenatal diagnosis.

Conclusion: Clinically, Down's screening, NIPT and prenatal ultrasound screening can be conducted initially, fol-
lowed by karyotype analysis and CMA detection for those with abnormal findings.

Keywords: Chromosome abnormality; Chromosome microarray analysis; Karyotype analysis; Prenatal diagnosis;
Noninvasive screening

Introduction
Chromosomal disorders are caused by numeric the missing or gaining, as well as the breakage
or structural chromosomal anomalies involving and incorrect rejoining of a piece of a chromo-
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some or the entire chromosome (1,2). Fetal
chromosomal anomalies are among the leading
causes of birth defects worldwide (3,4). Chromo-
somal abnormalities and gene mutations consti-
tute the primary causes of genetic disorders (4).
Chromosomal abnormalities and gene mutations
constitute the primary causes of genetic disorders
and are also key drivers of cancer development,
contributing to genomic instability and uncon-
trolled cell proliferation. Chromosomal abnor-
malities and gene mutations constitute the prima-
ry causes of genetic disorders and are also key
drivers of cancer development, contributing to
genomic instability and uncontrolled cell prolifer-
ation Chromosomal aneuploidies represent the
most common anomalies of all fetal chromoso-
mal anomalies (5-7).

In China, more than 36000 newborns are born
with chromosome abnormalities every year, caus-
ing a significant burden to families and society
(3). The annual birth defects rate was 5.6% with
the annual growth rate of 900,000 cases (8). In-
creased advanced maternal age pregnancy and
rising trend in environmental pollution results in
increased incidence rate of chromosomal abnor-
malities (7). Currently, there is no effective thera-
py for chromosomal disorders in China (9).
Today, prenatal diagnostic technology applies
combinations of procedures in the first- and sec-
ond-trimester, using concentrations of serum
analysis, maternal age, genetic history, and ultra-
sound imaging data (10). Cytogenetic fetal karyo-
typing offers a reliable detection rate for aneu-
ploidy and large rearrangements of greater than
7—-10 megabases (7,11). However, it was not able
to detect unbalanced structural abnormalities
caused by submicroscopic chromosomal anoma-
lies (7,11). Chromosomal microarray analysis
(CMA) is a cytogenetic molecular technique that
has a high detection rate for microscopic and
submicroscopic chromosomal abnormalities in
patients with neurodevelopment disorders (12).
This study used the 2003 Ministry of Health
guideline to assess investigations for fetal abnor-
malities in China. The indications are excessive
amniotic fluid, abnormal fetal development, ex-
posure to congenital defects, family history of
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diseases, and age over 35. Prenatal genetic testing
is essential for detecting chromosomal abnormal-
ities, with karyotype analysis being the most
common diagnostic method. However, it is lim-
ited in detecting chromosomal abnormalities
smaller than 5 Mb, which can result in missed
diagnoses. To overcome this limitation, CMA is
recommended as a high-resolution molecular
technique that can identify submicroscopic copy
number variations (CNVs) associated with devel-
opmental and genetic disorders (14-16). CMA
also offers faster results by eliminating the need
for cell culture, making it a more sensitive and
comprehensive tool for prenatal genetic screen-
ing. Given its superior sensitivity, CMA is in-
creasingly recognized as a valuable tool in prena-
tal diagnostics.

We compared karyotype analysis and CMA, high-
lighting their diagnostic capabilities and the need
for a more precise approach in prenatal genetic
screening. Moreover, the study assessed the diag-
nostic accuracy and value of CMA and karyotype
analysis for prenatal diagnosis of chromosomal
abnormalities in different clinical indications.

Methods

Study subjects and setting

Pregnant women who underwent prenatal con-
sultation and amniocentesis tests in First Affiliat-
ed Hospital of Wenzhou Medical University,
Wenzhou, Zhejiang, China between May 2018
and Nov 2021 were selected as the study sub-
jects. The inclusion criteria were pregnant women
aged 35 or over, abnormal results of noninvasive
fetal chromosome aneuploidy testing, high level
of maternal blood Down’s screening, ultrasound
abnormalities (thickening of nuchal transparent
layer (greater than 2.5 mm), and fetal dysplasia or
structural deformity. Participant who had spousal
history of adverse pregnancy or reproduction,
consanguineous marriage, chromosome abnor-
mality or family genetic disease, or mental retar-
dation or mental illness were excluded.

Overall, 1587 subjects were participated. All par-
ticipants were consulted by a qualified genetic
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consultant to fully understand the risks of amnio-
centesis as well as the advantages, limitations and
potential results of CMA and karyotype analysis
techniques. Amniocentesis, CMA and karyotype
analysis were performed from 17 and 24 weeks of
gestation.

Reagents and instruments

For the Karyotype analysis: The culture medium,
colchicine, plant hemagglutinin, KCl solution,
trypsin solution, glacial acetic acid and methanol,
Gi-emsa staining solution, NaOH solution, nor-
mal saline, cell incubator, and GenetixGSL-120
automatic chromosome analyzer were employed.
For the CMA analysis: Affymetrix GeneChip Sys-
tem 3000Dx v.2 chip system and CytoScan HD
chip were employed.

Grouping and experiments

Sample collection: pregnant women underwent
amniocentesis at 17 ~ 24 wk, and 25-30 ml am-
niotic fluid was extracted under strict aseptic op-
eration.

CMA: The amniotic fluid was transported to
Hangzhou Jinyu Medical Laboratory, where Af-
metrix Company’s kit was employed along with
optimized standard operating procedures. Ge-
nome-wide scanning was conducted using Cy-
toScanHD /CytoScan750 k. Before detection, the
amniotic fluid DNA was analyzed by linkage with
maternal blood DNA to exclude maternal cell
contamination. The entire process was executed
in strict accordance with quality control stand-
ards, encompassing DNA extraction, enzyme
digestion, ligation, PCR product purification,
fragmentation, labeling, hybridization, scanning
and result analysis. Affymetrix Chromosome
Analysis Suite Software was utilized for analysis,
along with querying information in clingen, deci-
pher and HGMD databases.

Karyotype analysis: After the fetal cells in am-
niotic fluid undergo culture, digested, hypotonic,
fixed, dropped, baked, trypsin banding and
stained in the laboratory, the chromosome karyo-
type is analyzed following scanning.
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Statistical analyses

Data were analyzed using SPSS ver. 20 (IBM
Corp., Armonk, NY, USA) statistical software.
Descriptive statistics were used to summarize
count data as frequencies and percentages. To
assess statistical associations between outcome
variables and predictors, the Chi-square test was
applied, with a significance threshold set at
P<0.05. Additionally, confidence intervals (Cls)
were reported where applicable to enhance the
reliability of the findings.

Follow-up

Follow up and record the pregnancy status, preg-
nancy outcome and postnatal health status of
newborns by telephone and outpatient visiting.

Results

Overall, 1587 subjects were participated. Partici-
pants were categorized to advanced maternal age,
Down's screening high-risk, NIPT abnormality,
prenatal screening ultrasound abnormality, poor
pregnancy and childbirth history, and group with
other situations. Overall, 343 abnormalities (using
CMA plus karyotype) were identified, resulting in
a positive detection rate of 21.61%. Furthermore,
125 cases exhibited pathogenic chromosomal ab-
normalities, yielding a detection rate of 7.88%.
Specifically, within the advanced maternal age
group, 119 cases were abnormal, with a positive
rate of 16.83% and a pathogenic chromosome
abnormality rate of 5.52%. In the Down's screen-
ing high-risk group, 66 cases were abnormal, with
a positive detection rate of 19.41% and a patho-
genic chromosomal abnormality detection rate of
5.59%. Among those in the abnormal NIPT
group, 37 cases were identified, resulting in a pos-
itive detection rate of 59.68% and a pathogenic
chromosome abnormality detection rate of
48.39%.

In the abnormal prenatal ultrasound screening
group, 68 cases were abnormal, with a positive
detection rate of 24.03% and a pathogenic chro-
mosomal abnormality detection rate of 9.19%.
Within the poor pregnancy and childbirth history
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group, 33 cases were abnormal, with a positive
detection rate of 22.92% and a pathogenic chro-
mosomal abnormality rate of 4.86%. Finally, in
the group with other situations, 20 cases were
abnormal, resulting in a positive rate of 39.22%
and a pathogenic chromosome abnormality rate
of 11.76%. The group with the highest detection
rate of chromosome abnormality was the NIPT

abnormal group, with a positive detection rate of
59.68%. The second-highest rate of chromosome
abnormality was observed in the group with oth-
er situations (positive rate: 39.22%). The third-
highest rate of chromosome abnormality was
found in the abnormal prenatal ultrasound
screening group (positive detection rate: 24.03%)
(Table 1 and Fig. 1).

Table 1: The detection of chromosome abnormalities in different clinical indications by CMA and karyotype analysis

Group Abnormal Normal Total Detection
rate (%)
Group 1 119 707 16.83
Group 2 66 340 19.41
Group 3 37 62 59.68
Group 4 68 283 24.03
Group 5 33 144 22.92
Group 6 20 51 39.22
Total 343 1587 21.61

Notes: 1:advanced maternal age; 2:Down’s screening high-risk; 3:abnormal NIPT;
4:abnormal prenatal ultrasound screening; 5:poor pregnancy and childbirth histo-

ry; and 6:other situations
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Fig. 1: Abnormal chromosomes and pathogenicity in amniocentesis with different indication.

Prenatal diagnosis results of the advanced
maternal age group

Overall, 707 cases of amniocentesis were per-
formed for "advanced maternal age," resulting in
the detection of 119 cases of abnormal chromo-
somes. Based on the age of pregnant women,
they were divided into two groups at the age of
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40 (Table 2). There was no statistical difference
in the positive detection rate of chromosome ab-
normalities between the two groups (17.87%,
15.22%) (Table 3). The detection rates of patho-
genic chromosomal abnormalities in the groups
were 0.50% and 3.99%, respectively. The preg-
nant women who performed amniocentesis due
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to "advanced age" were found to have 119 cases
of chromosomal abnormalities. Among them, 27
cases opted for mid-term induced labor, while 92
cases proceeded to give birth. Thirty-nine cases
exhibited pathogenic or potentially pathogenic
chromosomal abnormalities, and 16 chose to
continue pregnancy until delivery. In some in-
stances, chromosome deletion or duplication

originated from either the father or mother, and
the parents' phenotype was not significantly ab-
normal. Alternatively, the prognosis of newborns
with chromosome abnormalities was deemed ac-
ceptable after genetic counseling, prompting
pregnant women to choose to continue pregnan-
cy to term delivery. In such cases, newborns gen-
erally exhibited good health at birth (Table 4).

Table 2: The chromosome abnormalities in advanced age group

Normal

Group Abnormal

<40 7
>40 42
Total 119

Total Rate ( % )
431 17.87
276 15.22
707 16.83

Table 3: The detection of pathogenic chromosomal abnormalities in advanced age group

Abnormal

< 40 28 49
=40 11 31
Total 39

Pathogenic = Nonpathogenic '

Total

Normal Rate (%)

354 431 6.50
234 276 3.99
707 5.52

Table 4: Follow up of continued pregnancy with pathogenic abnormal chromosomes detected in advanced age

1 35 46,XX,del(22)(q11.21) Pathogenic Term delivery
2 36 46,XX,del(16)(p11.2) Pathogenic Term delivery
From mother
3 36 46,XX,del(15)(q11.2) Possibly pathogenic Term delivery
4 36 47 xxx 47 xxX Superfemale syndrome Full term cesarean section
5 36 46,XX,del(17)(p12) Pathogenic Term delivery
6 36 SBDS heterozygous mutation Pathogenic Term delivery
7 36 46,XX,del(22)(q11.21) Possibly pathogenic Term delivery
8 37 46,XX,del(15)(q11.2) Possibly pathogenic Cesarean section at
36W+5D
Breech presentation
9 37 47, XXY 47,XXY Klinefelter syndrome Full term cesatean section
10 38 47,XXY 47,XXY Klinefelter syndrome Term delivery
11 38 46,XX,dup(16)(p13.11) Possibly pathogenic Full term cesarean section
From father

12 38 46,XX,del(17)(p12) Pathogenic Term delivery
13 40 46,XN,t(2;5)(p25;935) 46,XX,dup(22)(q11.21q11.22) Pathogenic Full term cesarean section

From father Shoulder presentation (8-

10)
14 40 46,XX,dup(X) (p21.1) X-linked recessive dis- Term delivery
case
15 40 46,XX,del(12)(q21.2q21.31) Pathogenic Term delivery
2190g (8-10)
16 42 46,XX,del(1)(q21.1¢21.2) Pathogenic Term delivery
From father
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Prenatal diagnosis results of ultrasound ab-
normalities in prenatal screening

The prenatal diagnosis using "prenatal screening
ultrasound abnormalities", resulted in the detec-
tion of 68 cases of abnormal chromosomes (Ta-
ble 5). The group exhibiting ultrasound structural
abnormalities had a similar detection rate of
chromosome abnormalities with soft indicators
(28.41% wvs 22.05%). However, the detection
rates of pathogenic abnormal chromosomes in
the two groups were higher in ultrasonic struc-
tural abnormality (14.77% and 6.67%) (Table 6).
Of 283 cases of amniocentesis performed using
"prenatal screening ultrasound abnormalities", 68

cases of chromosomal abnormalities had been
detected. Of these cases, 26 exhibited pathogenic
or potentially pathogenic chromosomal abnor-
malities, and 6 cases choose to continue pregnan-
cy until delivery (Supplementary Table 1). In Ta-
ble 8, 42 cases of chromosomal abnormalities
were non-pathogenic. Among them, six cases
opted for induced labor in the second trimester
due to "abnormal fetal structure indicated by ul-
trasound". The Karyotype analysis results showed
chromosome polymorphism. However, CMA
results were normal, indicating no chromosomal
abnormalities related to phenotype (Supplemen-
tary Table 2).

Table 5: The detection of chromosome abnormalities in groups using abnormal prenatal ultrasound screening

Group Abnormal Normal Total Rate (%)
Structural 25 63 88 28.41
abnormality

Soft indica- 43 152 195 22.05
tor

Total 68 215 283 24.03

Table 6: Detection of pathogenic chromosomal abnormalities in group with abnormal prenatal ultrasound screening

Abnormal Normal Total  Rate (%)
Pathogenic = Nonpathogenic '
Structural 13 12 63 88 14.77
abnormality
Soft indicator | 13 30 152 195 6.67
Total 26 257 283 9.19

Prenatal diagnosis results of serum marker
abnormalities in prenatal screening

The positive detection rates of abnormal chro-
mosomes and pathogenic chromosomal abnor-
malities were lower in the group with Down’s
high-risk than abnormal NIPT (Table 7 and 8).
Overall, 340 cases of amniocentesis were per-
formed due to the "high risk of Down's screen-
ing", resulting in the detection of 66 cases of ab-
normal chromosomes. Among them, 13 cases
opted for mid-term induced labor while 53 cases
continued to birth. Nineteen cases exhibited
pathogenic or possibly pathogenic chromosomal
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abnormalities, and 7 cases continued pregnancy
until delivery (Supplementary Table 3 and Table
9). Amniocentesis tests on 62 cases with "NIPT
abnormality" resulted in 37 cases showing chro-
mosomal abnormalities. Among them, 27 cases
chose mid-term induced labot, 1 case underwent
selective reduction because one of the twins had
trisomy 21 syndrome, and 9 cases proceeded to
final delivery. Of those showing chromosomal
abnormalities, 30 exhibited pathogenic or possi-
bly pathogenic chromosomal abnormality, and 4
chose to continue pregnancy until delivery. All of
them delivered at term, with the newborns being
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in good conditions after birth (Supplementary bor. Another case showed no abnormality in kar-
Table 4). As described in Supplementary Table 5, yotype analysis, but CMA revealed a 29.3 Mb
seven cases of chromosomal abnormalities were homozygous phenomenon in 15q13.1q21.3, with
non-pathogenic. The CMA result showed about unclear clinical significance, resulting in induced
12.3 Mb homozygous phenomenons in the re- labor. The other 5 cases were delivered, with the
gion of 10p15.3p13, with unknown clinical signif- newborns being in good condition after birth.

icance, leading the parents to opt for induced la-

Table 7: Detection of chromosome abnormalities in groups with serum marker abnormalities in prenatal screening

Group Abnormal Normal Total Rate (%)
Down’s 66 274 340 19.41
NIPT 37 25 62 59.68
Total 103 299 402 25.62

Table 8: Detection of pathogenic chromosomal abnormalities in groups with serum marker abnormalities in prena-
tal screening

Abnormal Normal Total Rate (%)

Pathogenic = Nonpathogenic '

Down’s 19 47 274 340 5.59
NIPT 30 7 25 62 48.39
Total 49 353 402 12.19

Table 9: Adverse pregnancy outcome with non-pathogenic abnormal chromosomes in group with Down’s high-risk

Case Indications karyotype CMA clinical sig- Outcome ‘
nificance
1 Down’s 46,xn,t(4;20)(q22;p12) balanced Term delivery
screening translocation =~ Congenital ven-
high-risk tricular septal
defect
2 Down’s 46,XX,dup(6)(q26) Unknown Mid-term in-
screening duced labor
high-risk
Prenatal diagnosis results of the poor preg- Most abnormal chromosomes were found in this
nancy and childbirth history group subset, with 33 exhibiting chromosomal abnor-
A study of 144 cases of amniocentesis was per- malities. Out of these, 7 were pathogenic or pos-
formed due to poor pregnancy and childbirth sibly pathogenic, and 3 continued pregnancy. The
history, mainly due to repeated abortions and remaining 25 cases were non-pathogenic (Table
multiple embryo terminations. About one-third 10).

of these individuals had a history of birth defects.
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Table 10: Follow up of continued pregnancy with pathogenic abnormal chromosomes detected in group with poor
pregnancy and childbirth history

Indications

1 history of neonatal
death with Hirsch-
sprung's disease
2 History of fetal mal-
formation
3 History of intrauter- ~ 46,XX(70)/46,XY,(10)

ine fetal death at 40
%

Prenatal diagnosis results of other situations

The study analyzed 51 prenatal diagnoses, catego-
rized into three groups: close relatives' marriage,
one parent with chromosomal abnormalities, and
one parent with mental retardation. All newborns
were delivered normal at birth. Some cases had

clinical Outcome
signifi-
cance
46,XX,del(20)(p1 = Pathogenic Full term
2.3p12.2) cesarean
section
46,XX,del(15)(q1 | Pathogenic | Term deliv-
1.2) low pene- ery
trance
46,XX/47XXY, Pathogenic = Term deliv-
46,XY/45,X May have ery
abnormal Neonatal
sexual de- | pathological
velopment jaundice

pathogenic deletions, leading to induced labor.
Three out of six cases with abnormal chromo-
somes continued pregnancy, while 14 cases were
non-pathogenic and all delivered. All newborns
were in good condition after birth (Table 11).

Table 11: Follow up of continued pregnancy with pathogenic abnormal chromosomes detected in group with ‘other’

situations
Case Indications karyotype CMA clinical sig- Outcome
nificance
1 Maternal 46,X,del(X)(q28) X-linked Term de-
chromosome recessive livery
abnormalities disease
2 Maternal 46,XX,del(16)(p13.11p12.3) = Pathogenic | Term de-
chromosome livery
abnormalities
3 Maternal 46,XX,dup(20)(q13.33) Pathogenic Cesarean
mental illness 46,XX,del(7)(q36.3) section at
Unknown 35W+2D

Discussion

Evidence suggests, NIPT is commonly recom-
mended for women aged 35-40 years, while am-
niocentesis is usually recommended for women
over 40 yr old (17). This study, however, ob-
served no difference between the positive detec-
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tion rate of abnormal chromosomes and patho-
genic abnormal chromosomes among study par-
ticipants. This similarity could be related to small
sample size.

Ultrasound revealed no difference in the detec-
tion rate of abnormal chromosomes between the
groups with structural abnormalities or soft indi-
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cators. However, there was a higher detection
rate of pathogenic abnormal chromosome in
group with structural abnormalities, and the dif-
ference was statistically significant. In this study,
88 cases of fetal structural malformations were
diagnosed prenatally using ultrasound, and 25
cases of abnormal chromosomes were found.
Interestingly, the phenotype observed via ultra-
sound did not consistently align with the patho-
genic effects of abnormal chromosomes found in
the database. Amniocentesis was performed due
to the ultrasound indication of "fetal bilateral
cleft lip with cleft upper alveolar process”. How-
ever, no chromosomal abnormality related to this
condition was detected by chromosome karyo-
type analysis or chromosomal copy number var-
iation detection. Instead, a mutation of the
COL2A1 gene was identified through WES.
Down's screening, as a traditional prenatal hema-
tologic screening method, holds certain screening
value, yet it also entails a proportion of false posi-
tives and false negatives. NIPT utilized free fetal
DNA in maternal peripheral blood to screen
chromosomal aneuploidy of the fetus. This ap-
proach significantly enhances the sensitivity and
specificity of prenatal screening for chromosomal
diseases (18,19). Several studies had underscored
NIPT's supetior screening efficacy for fetal an-
euploidy compared to traditional serological
screening methods (20-23).

This was consistent with the current findings.
This study also corroborated NIPT's specificity
through cases, where sex chromosome abnormal-
ities or chromosome deletions suggested by
NIPT were confirmed via chromosome karyo-
type analysis or CMA. Moreover, NIPT provides
broader application in pregnancy due to its safety,
efficiency, and ease of promotion. It can be con-
templated as a comprehensive substitute for tra-
ditional Down's screening if economic and medi-
cal constraints are absent, thereby mitigating un-
necessary interventional prenatal diagnostic pro-
cedures. Nevertheless, given that abnormal
chromosome fragments may originate from the
pregnant mother or may be present in small
numbers, NIPT still incurs some false positives
and false negatives. Thus, NIPT can only serve as
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a prenatal screening method and cannot entirely
supplant prenatal diagnosis.

In the group with adverse pregnancy and child-
birth history, the positive detection rate of ab-
normal chromosome is not high. This could be
attributed to the fact that many adverse histories
do not specifically pertain to fetal malformations
or chromosomal abnormalities. Abortions may
occur due to unknown causes. Often, pregnant
women do not investigate the genetic causes of
abortion, and sometimes cannot even recall the
circumstances of the event. Clinicians often
struggle to ascertain the cause of abortion based
on the pregnant women's medical history. Fetus-
es with congenital genetic material abnormalities
frequently miscarry in early pregnancy. While
there is a possibility of genetic coding errors dur-
ing the formation of reproductive cells, recurrent
miscarriages or a history of malformed fetuses
warrant suspicion of abnormalities in the preg-
nant woman's own genetic material. In such cas-
es, prenatal diagnosis in the second trimester of
pregnancy should be recommended.

Although social development has increased
awareness of the adverse effects of consanguine-
ous marriage, it still occurs. Among the three cas-
es of consanguineous marriage in this study, two
cases exhibited chromosome abnormalities, chat-
acterized by large segments of homozygous phe-
nomena. Homozygotes, also known as homozy-
gotes are individuals with the same allele at a pat-
ticular locus on homologous chromosomes in a
diploid organism, categorized as dominant ho-
mozygotes or recessive homozygotes (24).
Chromosome copy number variations are widely
distributed in the human genome, constituting
approximately 12% of the genome sequence (25).
Despite detecting chromosomal homozygosity in
two consanguineous marriages in this study, no
abnormalities were found during the follow-up of
newborns. However, long-term monitoring of
newborn growth and development is warranted.
Future research in prenatal diagnostics should
focus on integrating CMA with emerging tech-
nologies like next-generation sequencing (NGS)
to enhance diagnostic accuracy and detect a
broader range of genetic abnormalities. Addition-
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ally, further studies are needed to assess the cost-
effectiveness and clinical utility of CMA across
diverse healthcare settings, ensuring its accessibil-
ity and feasibility for routine prenatal screening.
Advancements in bioinformatics and machine
learning may also improve data interpretation and
risk prediction, further refining prenatal genetic
assessments.
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