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Abstract: Fetal abnormalities are major issues in prenatal medicine. They affect the pre-
dicted pregnancy outcome and entail a risk of future recurrent adverse events in a particular
couple. In order to clarify the possible outcomes of a specific pregnancy and subsequent
ones, it is of the utmost importance to determine the causes of observed fetal abnormali-
ties. Routine laboratory techniques sometimes fail to identify their cause because they are
mainly intended for the detection of chromosomal disorders. Over recent years, single-gene
disorders have increasingly been regarded as probable causes of fetal abnormalities, and
next-generation sequencing (NGS) technologies have been adopted to detect them. This
article provides the findings of applying whole-exome sequencing (WES) for prenatal
diagnosis. It is aimed at identifying the causes of various fetus abnormalities with a normal
molecular karyotype. The diagnostic value of this technique is shown based on the com-
pleteness of clinical patterns, abnormality types, and the ability to simultaneously examine
the fetus and the parents. Consequently, WES revealed causative variants in 27.27% of cases,
which encourages the consideration of applying this technique as part of a state-of-the-art
multiple congenital malformation prenatal diagnosis algorithm.

Keywords: fetal abnormality; multiple congenital malformations; DNA; next-generation
sequencing; whole-exome sequencing; ultrasound; prenatal; diagnosis

1. Introduction
Fetal abnormalities are a pressing challenge in prenatal medicine. The incidence of

fetal abnormalities detected by second-trimester ultrasound is 2.3% [1]. The rate of severe
fetal congenital malformations associated with a perinatal mortality risk is 1.4% [2]. Once
malformations are prenatally detected, a medical professional will inevitably focus on the
pregnancy’s outcome, namely, fetal health. However, it is also essential to assess the risk of
future recurrent adverse events in the couple. It is often impossible to clarify a potential
outcome without determining the causes of observed fetal abnormalities.

Invasive diagnostic techniques, including standard cytogenetic assays, quantitative
fluorescence polymerase chain reaction (qPCR), and chromosomal microarray analysis
(CMA), are commonly applied to find out the genetic cause of abnormalities. These ap-
proaches, designed for analyzing the chromosomal status of a fetus, make it possible to
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determine up to 40% of abnormalities’ causes. For instance, autosomal trisomies are de-
tected in 30% of cases when either qPCR or a standard cytogenetic assay is performed. The
latter also reveals unbalanced structural chromosomal rearrangements in 5% of cases [3].
According to a literature review conducted in 2013, on average, these chromosomal rear-
rangements are spotted in 6.5% of fetuses with diverse abnormalities once CMA is carried
out [4]. Hence, roughly 60% of fetal abnormalities have an unspecified etiology. Some of
them are hallmarks of a single-gene disorder. Higher-resolution techniques, such as NGS
and massive parallel sequencing (MPS), are required to identify a probable single-gene
malformation’s cause [5].

To date, WES has underpinned a series of studies in prenatal medicine. Different
authors have stated that the diagnostic value of WES ranges from 9.1% to over 50% for
fetuses with malformations [6–12]. WES sometimes allows one to establish the causes of
fetal genetic disorders in prenatal medicine at an early stage, whether or not the phenotypi-
cal clinical patterns are complete. This also applies to cases when prenatal phenotypical
clinical patterns differ from postnatal ones [13]. Y. Yaron et al. suggest considering ex-
ome sequencing as a first-line test in the cases of severe central nervous system (CNS)
malformations. The authors have concurred that its diagnostic value is high enough and
it enables for the identification of both single-gene causes and non-extended DNA copy
number variations. If a fetus is affected by isolated increased nuchal translucency (NT)
thickness or other abnormalities, WES may help provide an accurate diagnosis in 3.2–21%
of cases [6,9]. One study using WES in prenatal fetus diagnosis with isolated increased
nuchal translucency (NT) thickness demonstrated the ability to find out the fetal condition’s
cause in 5.5% of cases [14]. A large-scale cohort prospective study published in 2019 ana-
lyzed 234 trio-based WES substudies to clarify the causes of fetal abnormalities. The WES
diagnostic value was 10% on average and 19% in fetuses with several abnormalities [9].
Data from recent years show that the WES diagnostic value varies from between organ
systems. It ranges from 53% in fetuses with skeletal dysplasias to 72% in those with isolated
renal hyperechogenicity [15]. A growing number of related publications have raised the
issue of possibly revising the approaches to prenatal fetal abnormality diagnosis.

Our study presents the experience of applying WES in fetuses with different abnor-
malities detected by ultrasound imaging.

2. Materials and Methods
We evaluated the biomaterial of 44 fetuses, namely, 44 samples obtained from ongoing

pregnancies in the course of invasive prenatal diagnosis. These included 19 samples of
chorionic villi, 23 samples of amniotic fluid, and 2 samples of umbilical cord blood. An ul-
trasound revealed various malformations and/or markers of chromosomal abnormalities in
a total of 44 fetuses. The malformations compromised diverse organs and systems. Multiple
malformations, skeletal dysplasia, heart defects, limb deformities, and facial abnormalities
affected 20, 8, 4, 3, and 2 fetuses, respectively. Brain malformations were detected in 1 fetus.
Gastrointestinal malformations were spotted in 1 fetus as well. Moreover, isolated increased
nuchal translucency (NT) thickness was noticed in 3 fetuses. Non-immune hydrops affected
1 fetus. NT thickness was also slightly increased in 1 fetus. Once subjected to biochemical
screening, one more abnormality (elevated β-hCG levels) was detected.

Trio-based WES involving a fetus and both parents was conducted in 23 out of 44 cases.
One fetus and the mother were examined via duo-based WES. The data of the remaining
20 samples were scrutinized in isolation via solo-based WES. The chromosomal status
of the fetus was analyzed in 100% of cases, which is considered a first-line test, prior to
application of WES. A standard cytogenetic assay, CMA, and both types of analysis were
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carried out in 3, 28, and 13 cases, respectively. The aforementioned tests did not reveal any
chromosomal disorders.

DNA was extracted from peripheral blood by using QIAamp DNA Blood Mini kit
(QIAGEN, Hilden, Germany) and from fetal material by using GeneJET Whole Blood
Genomic DNA Purification Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA). DNA
concentration was measured by means of Qubit dsDNA HS Assay kit and Qubit 2.0
fluorometer developed by Thermo Fisher Scientific. ME220 focused ultrasonicator (Covaris,
Woburn, MA, USA) was used to shear DNA into fragments with an average length of
150 bp. SureSelect Human All Exon V7 probe set (Agilent, Santa Clara, CA, USA) assisted
in preparing WES libraries in accordance with manufacturer’s manuals. NovaSeq 6000
(Illumina, San Diego, CA, USA) was applied for library sequencing.

Relevant data were processed by an automated algorithm which comprises evaluation
of sequencing quality parameters (FASTQC module [16]); removal of adapters and low-
quality sequences (SEQPURGE module [17]); alignment of reads to human genome version
hg19 (BWA MEM module [18]); filtration of optical and PCR duplicates (SAMBLASTER
module [19]); local realignment (ABRA2 module [20]); detection and quality-based filtration
of variants (FREEBAYES package [21]); and annotation of variants using clinical information
databases (ENSEMBL-VEP module [22]). The following parameters dictate filtration of the
detected genetic variants for each sample:

(1) The rate does not exceed 2% in the control population sample (gnomad v.2.1.1) [23].
(2) A corresponding gene is associated with a specific phenotype in OMIM com-

pendium [24].
(3) The variant is located in a coding or splicing region of the gene as per VEP annota-

tion [25].
(4) Filtration rules out the variants annotated as benign or likely benign in ClinVar

archive [26].
(5) The synonymous variants which had not been mentioned in any databases or other

literary references before and the variants located in the non-coding regions of the
genome were reviewed if the probability of their impact on splicing is high, as evi-
denced by in silico algorithm data.

(6) The variants annotated as pathogenic and likely pathogenic in ClinVar archive were
considered without filtration.

The variants were interpreted in compliance with Russian and international clinical
guidelines on NGS data interpretation [27–29].

3. Results
A molecular genetic cause of fetal abnormalities was established in this study when

pathogenic or likely pathogenic variants were found in genes associated with a dominant
disorder or when said compound heterozygous variants were detected in genes associated
with an autosomal recessive disorder, given that the observed phenotype was consistent
with the expected one. A possible cause was established in this study when a compound
heterozygous pathogenic or likely pathogenic variant was identified on the one allele and a
variant of unknown significance (VUS) was found on the other one in cases of a recessive
disorder; compound heterozygous VUSs were detected in cases of a recessive disorder; or a
VUS was identified in cases of a dominant disorder. The observed phenotype had to be in
line with the expected one in all of the above-mentioned scenarios. A cause of the observed
fetal phenotype was unspecified in all of the remaining cases.

The fetal DNA WES revealed the causes of abnormalities in 8 out of 44 cases (18.2%,
95% CI 8.61–27.75%). A cause was presumably determined in four other cases (9.09%,
95% CI 1.96–16.21%), as presented in Table 1. Therefore, the detection rate of causative
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genetic variants amounted to 27.27% (95% CI 16.22–38.31%). The detection rate of causative
variants in the solo- and trio-based WES cases reached 30.0% and 26,1%, respectively
(Figure 1), although the latter value was expected to be higher. Newly disclosed meta-
analysis data show a diagnostic value of 30% for solo-based exome sequencing and of
35% for trio-based sequencing [30]. We also concurred that the detectability of causative
variants per se in trio-based cases is concordant with the findings of the study performed
by Janicki E. et al., in Belgium [12].
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Figure 1. Frequency of detection of causative variants.

The diagnostic value of WES correlates with the number of detected fetal abnormali-
ties [31].

The detection rate of causative variants depended on the completeness of the pheno-
typical clinical patterns of the fetus. It varied in our study. The diagnostic value was 35.0%
for fetuses with multiple malformations and 20.8% for those with defects of specific organs
and systems (Figure 2). These findings are consistent with those of the recent study, where
the causes of multiple fetal malformations (29.0%) were more identifiable than the causes
of disorders affecting a particular organ or system (16.7%) [10].
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Figure 2. Frequency of detection of causative variants depending on the types of malformations by
the number of organs and systems involved.

According to the literature data, the NGS technique makes it possible to determine the
cause in 8% of fetuses with isolated increased NT thickness [32] and in 29% of fetuses with
non-immune hydrops [33]. Only three fetuses were affected by the former and one fetus
had the latter in our sample. Nonetheless, since the sample had a very small number of
said cases, our findings cannot be reconciled with the published data.

The application of WES did not allow a molecular cause of the observed prenatal
phenotype to be established in 72.73% of the fetuses with a normal chromosome set (72.73%,
95% CI 58.03–83.77%).



Genes 2025, 16, 547 6 of 9

Table 1. Variants identified in prenatal cases as causative and possibly causative.

No. Phenotype Gestational Age *,
Weeks Gene Variant 1

(ClinVar)
Variant 2
(ClinVar) Inheritance ** Solo- or Trio-Based

WES

Cases with found cause

1 Thoracic hypoplasia, abnormal rib
shape, short tubular bones 15–16 FGFR3 NM_000142.4:c.1948A>G (p.Lys650Glu)

(Pathogenic) - de novo (AD) trio-based

2 Heterotaxy syndrome: right-sided heart
and stomach 16–17 MMP21 NM_147191.1:c.371del (p.Pro124HisfsTer53)

(Uncertain significance)
NM_147191.1:c.91C>T (p.Arg31Trp)
(Uncertain significance)

genetic variant
transposition (AR) trio-based

3
Increased nuchal translucency,
generalized edema of head and trunk,
hydrothorax, omphalocele

12–13 PTPN11 NM_002834.5:c.226G>C (p.Glu76Gln)
(Pathogenic) - de novo (AD) trio-based

4 Cerebellar hypoplasia,
ventriculomegaly, brachycephaly 27 CHD7 NM_017780.4:c.1611_1612del

(Uncertain significance) - de novo (AD) trio-based

5 Lissencephaly, ventriculomegaly,
bilateral clubfoot 27–28 PEX1 NM_000466.3:c.2489dup (p.Asn830fs)

(Likely pathogenic)
NM_000466.3:c.1803+1G>T
(Pathogenic)

genetic variant
transposition (AR) solo-based

6 Tuberous sclerosis 30–31 TSC2 NM_000548.5:c.4416dup (p.Lys1473fs)
(Pathogenic) - de novo (AD) solo-based

7 Cleft lip and palate 28–29 FGF8 NM_033163.4:c.33-2A>G
(Uncertain significance) - n/a (AD) solo-based

8 Skull shape and left ankle joint features,
bilateral femoral campomelia 18–19 COL1A2 NM_000089.4:c.2405G>A (p.Gly802Asp)

(Pathogenic) - de novo (AD) solo-based

Cases with a possible cause found

9 Polydactyly postaxial left foot 18 PTEN
seq[GRCh37]del(10)(q23.31)
chr10:g.89687197_89702520del
(Uncertain significance)

seq[GRCh37]del(10)(q23.31)
chr10:g.89721087_89728496del
(Uncertain significance)

n/a (AD) trio-based

10 Femoral shortening and curvature 21–22 FBN1
NM_000138.5:c.6291_6292delGCinsTT
(p.Glu2097_Leu2098delinsAspPhe)
(Uncertain significance)

- n/a (AD) solo-based

11 Right-sided cleft lip and palate 16–17 EVC NM_153717.3:c.2278C>T (p.Arg760Trp)
(Uncertain significance)

NM_153717.3:c.1019G>A (p.Arg340Gln)
(Uncertain significance)

genetic variant
transposition (AR) trio-based

12 Equinovarus deformity of the feet 18–19 NEB NM_001164508.2:c.21796C>T (p.Pro7266Ser)
(Uncertain significance)

NM_001164508.2:c.19626+63A>T
(Uncertain significance)

genetic variant
transposition (AR) solo-based

* Gestational age at which fetal material was taken, ** inheritance was determined according to trio analysis and/or Sanger confirmatory sequencing results. n/a—not available.
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4. Discussion
If standard karyotyping and/or CMA results are normal, WES may contribute to

determining the cause of abnormalities in a number of cases. The diagnostic value of this
technique constituted 27.27% for fetuses with abnormalities in our study. It is crucial to
clarify whether a genetic laboratory requires complete phenotypical clinical patterns or not.

We evaluated the detection rate of causative variants in the solo- and trio-based WES
cases. The diagnostic value of the former was found to slightly exceed that of the latter.
The difference in the number of detected causative variants may be accounted for by the
number of fetuses with multiple abnormalities in our study. There was a total of 55% said
fetuses in the solo-based cases, which is superior to those in the trio-based cases (35%),
although the expected ratio is the opposite. A smaller percentage of detected causative
variants in the trio-based cases compared to that in the solo-based ones may be attributed
to the heterogeneous structure and small size of both samples.

The advantages of trio-based WES, which is aimed at determining the cause of a
supposed hereditary disease, are the identification of de novo status, objectivization of
the inheritance of a particular genetic variant, and determination of cis-/transposition of
variants in the genes associated with a recessive disorder. These capabilities have long
been embraced in clinical practice. They are especially valued when it is vital to receive
the results as fast as possible, e.g., while examining neonates in critical condition [34].
Prenatal medicine implies quick responses to any situation, which helps promptly establish
a diagnosis and realize whether it is expedient to prolong the pregnancy or not. Once WES
is performed and ultrasound markers are detected, it takes on average 1–2 months to obtain
the results.

The completeness of prenatal phenotypical clinical patterns of fetuses is pivotal. Its
degree directly influenced the detection rate of causative variants in our study, which did
vary. The diagnostic value for fetuses with multiple malformations turned out to be higher
than that for those with defects of individual organs and systems. Ultrasound and MRI
imaging reveals more complete phenotypical clinical patterns of a fetus, which increases
the odds of identifying a genetic cause of malformations.

It is not possible to draw conclusions regarding the frequency of detection of causal
variants due to the limited number of fetuses with increased NT and non-immune hydrops
in our sample.

5. Conclusions
A number of factors, such as a specialist’s qualifications, medical devices, gestational

age, fetal position, and specific features of the mother’s habitus, have an impact on the
detectability of fetal abnormalities by ultrasound. The most complete phenotypical clinical
patterns are often identifiable posthumously. Trio-based WES has a higher diagnostic value
than solo- or duo-based WES, engaging a fetus exclusively or a fetus and a single parent.
It is more preferable because it allows for the swift identification of de novo variants and
cis-/transposition of recessive variants in parents.

The routine application of prenatal WES may be limited by some technical barriers,
e.g., the amount and quality of DNA, maternal cell contamination, missing analysis of
intronic regions and epigenetic disorders, and different read depths of exonic regions,
which entails the risk of false negatives. Ultrasound imaging is likely to poorly reflect the
phenotypical clinical patterns, which reduces its diagnostic value. The use of WES may
also be impeded by unavailable and unaffordable NGS technologies and a necessity to
train specialists in prenatal medicine.

Furthermore, some ethical concerns arise. Exome sequencing may reveal secondary
and incidental findings, distinct from the underlying cause of the disease. This has an effect
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on the future life of the child and other family members. False paternity or consanguineous
marriages are occasionally detected. The ownership of test results, including the access of
other relatives thereto, is also disputable.

Nevertheless, prenatal WES may come in handy to predict further fetal development,
determine the tactics of managing the current pregnancy, assess genetic risks for subsequent
pregnancies, and consider ways to prevent them.

Author Contributions: M.G.: writing—original draft and writing—review and editing. M.G., N.S.,
K.B., E.M., O.K., V.G., J.T., V.K. and A.K.: conceptualization, software, data curation, formal analysis,
funding acquisition, investigation, methodology, project administration, resources, supervision,
validation, visualization and writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: All work on analyzing the WES results was carried out at the expense of The Center of
Genetics and Reproductive Medicine “Genetico” JSC.

Institutional Review Board Statement: The Local Ethics CommitteeThe Center of Genetics and
Reproductive Medicine “Genetico” JSC from 21 December 2024 (minutes no. 48).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rydberg, C.; Tunón, K. Detection of fetal abnormalities by second-trimester ultrasound screening in a non-selected population.

Acta Obstet. Gynecol. Scand. 2017, 96, 176–182. [CrossRef] [PubMed]
2. Schmidt, W.; Leucht, W.; Boos, R.; Tariverdian, S.; Rabe, D.; Walter, C.; Heberling, D. Sonographische Diagnostik schwerer fetaler

Fehlbildungen. Geburtshilfe Frauenheilkd. 1985, 45, 511–524. [CrossRef] [PubMed]
3. Hillman, S.C.; McMullan, D.J.; Hall, G.; Togneri, F.S.; James, N.; Meller, C.H.; Williams, D.; Wapner, R.J.; Maher, E.R.; Kilby, M.D.

Use of prenatal chromosomal microarray: Prospective cohort study and systematic review and meta-analysis. Ultrasound Obstet.
Gynecol. 2013, 41, 610–620. [CrossRef] [PubMed]

4. Callaway, J.L.A.; Shaffer, L.G.; Chitty, L.S.; Rosenfeld, J.A.; Crolla, J.A. The clinical utility of microarray technologies applied to
prenatal cytogenetics in the presence of a normal conventional karyotype: A review of the literature. Prenat. Diagn. 2013, 33,
1119–1123. [CrossRef]

5. Normand, E.A.; Alaimo, J.T.; van den Veyver, I.B. Exome and genome sequencing in reproductive medicine. Fertil. Steril. 2018,
109, 213–220. [CrossRef]

6. Drury, S.; Williams, H.; Trump, N.; Boustred, C.; Gosgene; Lench, N.; Scott, R.H.; Chitty, L.S. Exome sequencing for prenatal
diagnosis of fetuses with sonographic abnormalities. Prenat. Diagn. 2015, 35, 1010–1017. [CrossRef]

7. Fu, F.; Li, R.; Li, Y.; Nie, Z.Q.; Lei, T.Y.; Wang, D.; Yang, X.; Han, J.; Pan, M.; Zhen, L.; et al. Whole exome sequencing as a diagnostic
adjunct to clinical testing in fetuses with structural abnormalities. Ultrasound Obstet. Gynecol. 2018, 51, 493–502. [CrossRef]

8. Leung, G.K.C.; Mak, C.C.; Fung, J.L.; Wong, W.H.; Tsang, M.H.; Yu, M.H.; Pei, S.L.C.; Yeung, K.S.; Mok, G.T.K.; Lee, C.P.; et al.
Identifying the genetic causes for prenatally diagnosed structural congenital anomalies (SCAs) by whole-exome sequencing
(WES). BMC Med. Genom. 2018, 11, 93. [CrossRef]

9. Petrovski, S.; Aggarwal, V.; Giordano, J.L.; Stosic, M.; Wou, K.; Bier, L.; Spiegel, E.; Brennan, K.; Stong, N.; Jobanputra, V.; et al.
Whole-exome sequencing in the evaluation of fetal structural anomalies: A prospective cohort study. Lancet 2019, 393, 758–767.
[CrossRef]

10. Diderich, K.E.M.; Romijn, K.; Joosten, M.; Govaerts, L.C.P.; Polak, M.; Bruggenwirth, H.T.; Wilke, M.; van Slegtenhorst, M.A.;
van Bever, Y.; Brooks, A.S.; et al. The potential diagnostic yield of whole exome sequencing in pregnancies complicated by fetal
ultrasound anomalies. Acta Obstet. Gynecol. Scand. 2020, 100, 1106–1115. [CrossRef]

11. Monaghan, K.G.; Leach, N.T.; Pekarek, D.; Prasad, P.; Rose, N.C. The use of fetal exome sequencing in prenatal diagnosis: A
points to consider document of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 2020, 22, 675–680.
[CrossRef] [PubMed]

12. Janicki, E.; De Rademaeker, M.; Meunier, C.; Boeckx, N.; Blaumeiser, B.; Janssens, K. Implementation of Exome Sequencing in
Prenatal Diagnostics: Chances and Challenges. Diagnostics 2023, 13, 860. [CrossRef] [PubMed]

https://doi.org/10.1111/aogs.13037
https://www.ncbi.nlm.nih.gov/pubmed/27714775
https://doi.org/10.1055/s-2008-1036362
https://www.ncbi.nlm.nih.gov/pubmed/3899851
https://doi.org/10.1002/uog.12464
https://www.ncbi.nlm.nih.gov/pubmed/23512800
https://doi.org/10.1002/pd.4209
https://doi.org/10.1016/j.fertnstert.2017.12.010
https://doi.org/10.1002/pd.4675
https://doi.org/10.1002/uog.18915
https://doi.org/10.1186/s12920-018-0409-z
https://doi.org/10.1016/S0140-6736(18)32042-7
https://doi.org/10.1111/aogs.14053
https://doi.org/10.1038/s41436-019-0731-7
https://www.ncbi.nlm.nih.gov/pubmed/31911674
https://doi.org/10.3390/diagnostics13050860
https://www.ncbi.nlm.nih.gov/pubmed/36900003


Genes 2025, 16, 547 9 of 9

13. Yaron, Y.; Ofen Glassner, V.; Mory, A.; Zunz Henig, N.; Kurolap, A.; Bar Shira, A.; Brabbing Goldstein, D.; Marom, D.; Ben Sira, L.;
Baris Feldman, H.; et al. Exome sequencing as first-tier test for fetuses with severe central nervous system structural anomalies.
Ultrasound Obstet. Gynecol. 2022, 60, 59–67. [CrossRef] [PubMed]

14. Yang, X.; Huang, L.Y.; Pan, M.; Xu, L.L.; Zhen, L.; Han, J.; Li, D.Z. Exome sequencing improves genetic diagnosis of fetal increased
nuchal translucency. Prenat. Diagn. 2020, 40, 1426–1431. [CrossRef]

15. Veyver, I.B.V.D.; Yaron, Y.; Deans, Z.C. International Society for Prenatal Diagnosis 2022 debate 3—Fetal genome sequencing
should be offered to all pregnant patients. Prenat. Diagn. 2023, 43, 428–434. [CrossRef]

16. FastQC [Electronic Resource]. Available online: https://github.com/s-andrews/FastQC (accessed on 28 June 2022).
17. Sturm, M.; Schroeder, C.; Bauer, P. SeqPurge: Highly-sensitive adapter trimming for paired-end NGS data. BMC Bioinform. 2016,

17, 208. [CrossRef]
18. Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997.
19. Faust, G.G.; Hall, I.M. SAMBLASTER: Fast duplicate marking and structural variant read extraction. Bioinformatics 2014, 30,

2503–2505. [CrossRef]
20. Mose, L.E.; Perou, C.M.; Parker, J.S. Improved indel detection in DNA and RNA via realignment with ABRA2. Bioinformatics

2019, 35, 2966–2973. [CrossRef]
21. FreeBayes [Electronic Resource]. Available online: https://github.com/freebayes/freebayes (accessed on 28 June 2022).
22. Cunningham, F.; Allen, J.E.; Allen, J.; Alvarez-Jarreta, J.; Amode, M.R.; Armean, I.M.; Austine-Orimoloye, O.; Azov, A.G.; Barnes,

I.; Bennett, R.; et al. Ensembl 2022. Nucleic Acids Res. 2022, 50, D988–D995. [CrossRef]
23. Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alfoldi, J.; Wang, Q.; Collins, R.L.; Laricchia, K.M.; Ganna, A.;

Birnbaum, D.P.; et al. The mutational constraint spectrum quantified from variation in 141,456 humans. Nature 2020, 581, 434–443.
[CrossRef] [PubMed]

24. Amberger, J.; Bocchini, C.A.; Scott, A.F.; Hamosh, A. McKusick’s Online Mendelian Inheritance in Man (OMIM(R)). Nucleic Acids
Res. 2009, 37, D793–D796. [CrossRef] [PubMed]

25. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect
Predictor. Genome Biol. 2016, 17, 122. [CrossRef] [PubMed]

26. Landrum, M.J.; Lee, J.M.; Benson, M.; Brown, G.R.; Chao, C.; Chitipiralla, S.; Gu, B.; Hart, J.; Hoffman, D.; Jang, W.; et al. ClinVar:
Improving access to variant interpretations and supporting evidence. Nucleic Acids Res. 2018, 46, D1062–D1067. [CrossRef]

27. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [CrossRef]

28. Ryzhkova, O.P.; Kardymon, O.L.; Prohorchuk, E.B.; Konovalov, F.A.; Maslennikov, A.B.; Stepanov, V.A.; Afanasyev, A.A.;
Zaklyazminskaya, E.V.; Kostareva, A.A.; Pavlov, A.E.; et al. Guidelines for the interpretation of massive parallel sequencing
variants (update 2018, v2). Nauchno-Prakt. Zhurnal Med. Genet. 2020, 3–23.

29. Riggs, E.R.; Andersen, E.F.; Cherry, A.M.; Kantarci, S.; Kearney, H.; Patel, A.; Raca, G.; Ritter, D.I.; South, S.T.; Thorland,
E.C.; et al. Technical standards for the interpretation and reporting of constitutional copy-number variants: A joint consensus
recommendation of the American College of Medical Genetics and Genomics (ACMG) and the Clinical Genome Resource
(ClinGen). Genet. Med. 2020, 22, 245–257. [CrossRef]

30. Pauta, M.; Martinez-Portilla, R.J.; Borrell, A. Diagnostic yield of exome sequencing in fetuses with multisystem malformations:
Systematic review and meta-analysis. Ultrasound Obstet. Gynecol. 2022, 59, 715–722. [CrossRef] [PubMed]

31. Lord, J.; McMullan, D.J.; Eberhardt, R.Y.; Rinck, G.; Hamilton, S.J.; Quinlan-Jones, E.; Prigmore, E.; Keelagher, R.; Best, S.K.; Carey,
G.K.; et al. Prenatal exome sequencing analysis in fetal structural anomalies detected by ultrasonography (PAGE): A cohort study.
Lancet 2019, 393, 747–757. [CrossRef] [PubMed]

32. Di Girolamo, R.; Rizzo, G.; Khalil, A.; Alameddine, S.; Lisi, G.; Liberati, M.; Novelli, A.; D’antonio, F. Whole exome sequencing in
fetuses with isolated increased nuchal translucency: A systematic review and meta-analysis. J. Matern. Neonatal Med. 2023, 36,
2193285. [CrossRef] [PubMed]

33. Sparks, T.N.; Lianoglou, B.R.; Adami, R.R.; Pluym, I.D.; Holliman, K.; Duffy, J.; Downum, S.L.; Patel, S.; Faubel, A.; Boe, N.M.;
et al. Exome Sequencing for Prenatal Diagnosis in Nonimmune Hydrops Fetalis. N. Engl. J. Med. 2020, 383, 1746–1756. [CrossRef]
[PubMed]

34. Wang, H.; Lu, Y.; Dong, X.; Lu, G.; Cheng, G.; Qian, Y.; Ni, Q.; Zhang, P.; Yang, L.; Wu, B.; et al. Optimized trio genome sequencing
(OTGS) as a first-tier genetic test in critically ill infants: Practice in China. Hum. Genet. 2020, 139, 473–482. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/uog.24885
https://www.ncbi.nlm.nih.gov/pubmed/35229910
https://doi.org/10.1002/pd.5789
https://doi.org/10.1002/pd.6247
https://github.com/s-andrews/FastQC
https://doi.org/10.1186/s12859-016-1069-7
https://doi.org/10.1093/bioinformatics/btu314
https://doi.org/10.1093/bioinformatics/btz033
https://github.com/freebayes/freebayes
https://doi.org/10.1093/nar/gkab1049
https://doi.org/10.1038/s41586-020-2308-7
https://www.ncbi.nlm.nih.gov/pubmed/32461654
https://doi.org/10.1093/nar/gkn665
https://www.ncbi.nlm.nih.gov/pubmed/18842627
https://doi.org/10.1186/s13059-016-0974-4
https://www.ncbi.nlm.nih.gov/pubmed/27268795
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/s41436-019-0686-8
https://doi.org/10.1002/uog.24862
https://www.ncbi.nlm.nih.gov/pubmed/35041238
https://doi.org/10.1016/S0140-6736(18)31940-8
https://www.ncbi.nlm.nih.gov/pubmed/30712880
https://doi.org/10.1080/14767058.2023.2193285
https://www.ncbi.nlm.nih.gov/pubmed/37019452
https://doi.org/10.1056/NEJMoa2023643
https://www.ncbi.nlm.nih.gov/pubmed/33027564
https://doi.org/10.1007/s00439-019-02103-8
https://www.ncbi.nlm.nih.gov/pubmed/31965297

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

