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Abstract

Background: To investigate the clinical application of preconception expanded carrier screening (PECS) in couples undergoing assisted
reproductive technology (ART) in Central China. Methods: We conducted a retrospective study at the Reproductive Medicine Center of
Shiyan Renmin Hospital from August 2022 to November 2023. PECS results from infertile couples were analyzed to determine carrier
rates for pathogenic single-gene variants and the proportion of at-risk couples (ARCs). Identified ARCs received genetic counseling and
reproductive guidance, and pregnancy outcomes were assessed. Results: A total of 4853 patients (2082 couples) underwent PECS for 22
monogenic diseases. Among them, 81.58% (3959/4853) carried no pathogenic variants, whereas 18.42% (894/4853) carried at least one
variant. The carrier rates for one, two, and three variants were 16.73%, 1.61%, and 0.08%, respectively. The genes with the highest carrier
frequencies were gap junction protein beta 2 (GJB2) (3.05%), cytochrome P450 family 21 subfamily A member 2 (CYP2142) (2.64%),
hemoglobin subunit alpha 1/2 (HBA1/HBA2) (2.12%), survival of motor neuron 1 (SMNI) (2.12%), and ATPase copper transporting
beta (ATP7B) (2.10%). ARCs were identified in 2.31% (48/2082) of couples. Of these, 1 couple chose preimplantation genetic testing
for monogenic disorders (PGT-M), and another opted for preimplantation genetic testing for aneuploidy (PGT-A). 26 couples proceeded
with routine ART, which resulted in 14 live births. Outcomes among the remaining ARCs included 4 canceled embryo transfer cycles,
3 failed pregnancies, 3 early miscarriages, and 2 elective terminations. Conclusions: PECS provides a valuable approach to identify
single-gene disease risks in the infertile population of Central China. It facilitates informed reproductive decision-making and supports
the prevention of affected offspring through targeted prenatal diagnosis.
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1. Introduction include couples in which the female partner carries a mito-
chondrial disorder or either partner carries pathogenic chro-
mosomal microdeletions or microduplications. These cou-
ples face a substantial risk of having offspring with severe
genetic disorders. Preconception expanded carrier screen-
ing (PECS) enables risk detection prior to pregnancy. Iden-
tified ARCs can subsequently receive personalized repro-
ductive guidance through professional genetic counseling.
From a health-economic perspective, PECS offers a fa-
vorable balance between screening yield and cost, thereby
helping minimize the risk of genetic disease in offspring

[7,8].

Currently, more than 7000 monogenic diseases have
been identified, with a collective incidence exceeding 1 in
100[1,2]. Many of these conditions are fatal, teratogenic, or
disabling, exhibit complex inheritance patterns, and present
diverse clinical manifestations. Fewer than 5% have effec-
tive treatments, most of which entail high costs. Conse-
quently, strategies to reduce the birth of children affected
by monogenic diseases represent a significant public health
priority [3]. Carrier screening tests asymptomatic individu-
als to identify pathogenic (P) or likely pathogenic (LP) vari-
ants in genes associated with common autosomal recessive

(AR) disorders and represents an established strategy to pre- Carrier screening is estimated to prevent approxi-

vent the transmission of these diseases [4].

High-risk couples, often termed at-risk couples
(ARCs), are traditionally defined as those in which both
partners carry P or LP variants (P/LP) in the same AR gene
or in which the woman is a carrier of an X-linked (XL) con-
dition [5,6]. In this study, the definition was extended to

mately 1.25% of birth defects. For instance, Franasiak et
al. [9] reported that, after screening for 117 diseases, ex-
panded carrier screening (ECS) results influenced the re-
productive decisions of 0.21% of patients. PECS tests phe-
notypically normal individuals to identify specific genetic
disease-related variants they may carry. [10] This process
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clarifies individual genetic risk and helps estimate the cor-
responding risk for future offspring. Consequently, it pro-
vides opportunities for early intervention, treatment plan-
ning, and informed reproductive decision-making. Accord-
ingly, PECS is recognized as a primary preventive measure
against birth defects [11,12].

The American College of Medical Genetics and Ge-
nomics (ACMG) recommends screening for AR diseases
with a carrier frequency >1/200 and for XL diseases with
an incidence >1/40,000 among individuals planning preg-
nancy. However, existing data are limited. Indeed, carrier
frequencies for many severe diseases fall below this thresh-
old, and disease incidence varies considerably across popu-
lations. In particular, research on the prevalence and carrier
frequency of monogenic diseases in the Chinese population
remains insufficient [ 13,14]. Moreover, the widespread im-
plementation of PECS faces several obstacles globally and
in China. The first major barrier is cost and accessibility.
In most regions of China, PECS is not covered by medi-
cal insurance, requiring out-of-pocket payment. This con-
tributes to a low screening acceptance rate of only 35.83%,
far below the over 90% observed in Western countries [15].
The lack of national infrastructure and policy support fur-
ther limits availability to a limited number of medical cen-
ters. Second, technical and interpretation challenges exist.
Current PECS panels often fail to cover non-coding regions
and copy number variations (CNVs), and variants of uncer-
tain significance (VUS) are excluded from risk assessments
[16]. For genes such as survival of motor neuron 1 (SMNI),
in which CNVs represent the primary pathogenic mecha-
nism, technical limitations may restrict detection to single
nucleotide variants (SNVs), leading to missed diagnoses
[17,18]. Additionally, the inability to identify “high-risk
carrier” configurations (e.g., two SMN1 copies on the same
chromosome) introduces a false-negative risk estimated at
0.051% [19]. A third challenge is the lack of uniformity in
laboratory standards and panel designs. ECS panel compo-
sitions vary significantly worldwide; one report noted that
only three diseases overlapped across 16 different labora-
tories [20]. In China, disparities in detection platforms and
panel design across regions can bias comparisons of carries
rates. Furthermore, substantial regional differences in car-
rier rates exist within China. For example, methylmalonic
aciduria and phenylketonuria (PKU) are more common in
the north, whereas G6PD deficiency and thalassemia are
more prevalent in the south [18], which makes universal
panels suboptimal for regional genetic landscapes [21]. Fi-
nally, public a nd clinical awareness is insufficient. Surveys
indicate that 34.46% of Chinese respondents have never
heard of ECS, and only 19.94% understand its significance.
Many patients decline screening because they assume that
the absence of family history indicates low or no genetic
risk, while some partners refuse testing due to concerns
about discrimination or doubts about result accuracy [22].
Therefore, the determination of an appropriate screening

scope requires careful consideration of regional differences
in carrier frequency. Carrier rates and ARC proportions
are directly influenced by the size and composition of the
ECS panel. Current panels do not comprehensively capture
the spectrum of genetic variation across all regions, which
suggests a need for customized panels tailored to specific
populations. Guided by these principles, and in consider-
ation of the scope of the study, data availability, technical
feasibility, and cost-effectiveness, we selected 22 diseases
for our initial research design. Future studies may expand
to include additional diseases and genetic markers, partic-
ularly those with higher prevalence in target populations.
This study aimed to characterize the disease spectrum and
assess the optimal ECS panel size for infertile populations
in central and western China.

2. Materials and Methods
2.1 Study Subjects

This retrospective study included 4853 patients who
underwent assisted reproductive technology (ART) at our
center between August 2022 and November 2023. The
cohort comprised 2733 females and 2120 males. Among
them, 689 patients were analyzed individually, whereas the
remaining 4164 patients, comprising 2082 couples, were in-
cluded in the couple-based analysis. All patients were in-
formed of the purpose and significance of preconception
carrier screening during preoperative assessment and pro-
vided written informed consent prior to testing.

2.2 Study Methods

Inclusion criteria: Participants were enrolled in accor-
dance with relevant guidelines from the ACMG, the Amer-
ican College of Obstetricians and Gynecologists (ACOG),
the National Society of Genetic Counselors, the Perina-
tal Quality Foundation, and the Society for Maternal-Fetal
Medicine [23,24,25]. Eligible individuals were infertile
couples under 35 years of age.

Exclusion criteria: Individuals with incomplete base-
line or follow-up data, or those who declined participation,
were excluded.

All participants received comprehensive information
about the study and provided voluntary informed consent.

2.3 Screening Mode

Couples underwent either sequential or simultaneous
carrier screening. The screening approach was determined
following consultation between the patients and their physi-
cian.

2.4 Genetic Testing and Bioinformatics Analysis

All PECS were performed using a commercial testing
service (Yikon Genomics Co., Ltd., Beijing, China). The
technical workflow followed established protocols for re-
productive genetic carrier screening. Detailed methodology
is described below.
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2.5 Sequencing Platform and Amplification Technology

PECS was performed using a next-generation se-
quencing (NGS) platform based on multiple annealing
and looping-based amplification cycles (MALBAC). This
technology integrates NGS with MALBAC for single-cell
whole-genome amplification, which achieves high cover-
age uniformity (93%) and reduces allele dropout, thereby
improving the accuracy of variant detection. Sequencing
was conducted on clinical-grade, high-throughput instru-
ments (Illumina NovaSeq or MGI DNBSEQ series), which
have been widely validated for high sensitivity and speci-
ficity in reproductive genetics.

2.6 Target Region Capture

Targeted enrichment was performed using a cus-
tomized liquid-hybridization capture strategy. Probes were
designed to cover the complete coding sequences and 410
bp of flanking intronic regions of 26 core genes associ-
ated with the 22 screened diseases. Known pathogenic in-
tronic sites documented in the Clinical Variation database
maintained by NCBI (ClinVar) were also included. Cap-
ture specificity was >95%. Detectable variant types in-
cluded single-nucleotide polymorphisms (SNPs), small in-
sertions/deletions (InDels, <10 bp), and CNVs, such as
SMN1 exon deletions and HBA1/HBA2 deletions (-SEA/-
a3.7).

2.7 Sequencing Depth

To ensure reliable detection of low-frequency variants,
the average sequencing depth for target regions was set at
>150x%, with >92% of bases covered at >20x. These pa-
rameters were established based on platform performance
and clinical requirements for carrier screening.

2.8 Quality Control

Strict quality control was applied at all stages. Ge-
nomic DNA extracted from peripheral blood was required
to have a concentration >50 ng/pL and an OD260/280 ra-
tio of 1.8-2.0; degraded or contaminated samples were ex-
cluded. Library fragments were size-selected to 200—-300
bp, with adapter contamination <0.5%. Raw sequencing
data met the following quality thresholds: Q30 >90% and
Q20 >95%.

2.9 Bioinformatics Analysis Pipeline for Variant Calling

Bioinformatics analysis was performed using an
automated pipeline combined with standard ECS proto-
cols. Low-quality reads (Q <20), adapter-contaminated
sequences, and polymerase chain reaction (PCR) duplicates
were removed. Clean reads were aligned to the human
reference genome (GRCh37/hgl9) using BWA-MEM
(v0.7.17) (Broad Institute, Cambridge, MA, USA) and pro-
cessed with SAMtools. SNVs and InDels were called with
GATK HaplotypeCaller (v4.2.6.1; Broad Institute, Cam-
bridge, MA, USA), with a variant allele frequency (VAF)
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threshold >0.01. CNVs were detected using a depth-based
normalization method to identify gene-level deletions and
duplications. Variants were annotated using ANNOVAR,
which integrates data from public databases (ClinVar:
https://www.ncbi.nlm.nih.gov/clinvar/, gnomAD East
Asian subset: https://gnomad.broadinstitute.org/, HGMD
Professional:  https://digitalinsights.qiagen.com/product
s-overview/clinical-insights-portfolio/human-gene-mutat
ion-database/) and a local database of over 1000 Chinese
individuals of reproductive age.

2.10 Variant Interpretation

Variants were classified according to the ACMG/AMP
2015 guidelines. P variants were defined based on criteria
such as loss-of-function and supporting evidence from Clin-
Var. LP variants required supportive computational predic-
tions and a low population frequency (<0.01% in the East
Asian gnomAD dataset). VUS were excluded from carrier
frequency calculations but were disclosed during genetic
counseling. All P/LP variants underwent independent re-
view by two senior analysts, with discrepancies resolved
through consensus among technical and clinical staff.

2.11 Observational Indicator

The overall carrier rate was calculated as the number
of individuals carrying at least one P/LP variant for the tar-
get diseases divided by the total number of screened in-
dividuals. The ARC rate was defined as the proportion
of screened couples identified as at high genetic risk. All
couple-level metrics used the number of couples as the de-
nominator, whereas individual-level metrics used the num-
ber of individuals. Proportions were treated as binary data.
95% confidence intervals (Cls) were calculated based on
the binomial distribution, using the normal approximation
method when applicable (sample proportion >1%, n >5);
otherwise the Clopper-Pearson exact method was used. Cls
were rounded to two decimal places and computed with R
4.3.0. (version 4.3.0; R Foundation for Statistical Com-
puting, Vienna, Austria) Clinical outcomes for ARCs were
recorded.

3. Results
3.1 Overall PECS Results and Carrier Frequencies

Among the 4853 individuals tested by PECS, 81.58%
(3959/4853) had no P variants. The overall carrier rate for
the target genes was 18.42% (894/4853; 95% CI: 17.33—
19.51%). Among carriers, 16.73% (812/4853; 95% CI:
15.80—-17.69%) carried one variant, 1.61% (78/4853; 95%
CI: 1.28-1.99%) carried two, and 0.08% (4/4853; 95% CI:
0.02—0.21%) carried three (Fig. 1). A total of 474 (53.02%)
of the 894 carriers proceeded to assisted reproduction.

Among the 894 identified carriers, 363 (40.60%) were
male and 531 (59.40%) were female. Their demographic
characteristics are summarized in Table 1.
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Table 1. Demographic characteristics of the screened cohort.

Characteristic Female (n =2733)

Male (n=2120)

Age (years)

Duration of infertility (years)
Body mass index (kg/m?)
Type of infertility

30.58 £ 3.03 (median: 31, range: 20-35)
3.64 + 2.50 (median: 3, range: 1-21)
23.43 + 3.66 (median: 22.89, range: 13.84-41.53)

32.26 + 3.89 (median: 32, range: 22-59)
3.66 + 2.55 (median: 3, range: 1-23)
24.11 + 3.70 (median: 23.35, range: 15.00-41.80)

Primary infertility 1539 (56.31%) 1419 (66.93%)
Secondary infertility 1194 (43.69%) 701 (33.07%)
I no carrier [ 1 variant [] 2 variants [ 3 variants 3.2 Clinical Utility of PECS in Couples Undergoing In

3 variants
0.08% (4/4853)

2 variants

1.61% (78/4853) —\

1 variant
16.73%

| (812/4853)

Fig. 1. Distribution of carrier status by variant count.

The screening panel encompassed 22 monogenic dis-
eases (Table 2). This included an expanded panel for 20
conditions (covering 26 gene regions), along with targeted
screening for Fragile X syndrome (Fragile X messenger
ribonucleoprotein 1, FMRI) and spinal muscular atrophy
(SMA; SMNI). The reported detection rates and popula-
tion carrier frequencies refer to the Chinese population.

Genes were selected based on clinical severity, car-
rier frequency in the target population, and the availability
of reliable detection methods. Identification of pathogenic
variants in these genes enables subsequent interventions, in-
cluding genetic counseling, preimplantation genetic testing
for monogenic disorders (PGT-M), and prenatal diagnosis,
to prevent the birth of affected offspring. Carrier rates dif-
fered by sex for some conditions; for example, gap junc-
tion protein beta 2 (GJB2) variants were carried by 3.40%
of males versus 2.78% of females (Tables 3A,3B). For Ta-
ble 3A, the denominator was 2120, which represents all
male samples; for Table 3B, the denominator is 2733, which
represents all female samples.

Pathogenic variants were identified across all screened
individuals and ranked by carrier frequency (Table 4). The
GJB2 gene had the highest carrier rate (3.05%; 148/4853;
95% CI: 2.57-3.53%), followed by cytochrome P450
family 21 subfamily A member 2 (CYP2142) (2.64%;
128/4853; 95% CI: 2.20-3.08%).

Vitro Fertilization (IVF)

PECS identified ARCs and supported informed repro-
ductive decision-making. Among 2082 couples tested, 48
were identified as ARC:s, yielding a detection rate 0f2.31%
(48/2082; 95% CI: 1.67-2.95%). Stratified by genetic eti-
ology, ARC subtypes comprised 21 couples (43.75%) with
chromosomal microdeletions or microduplications, 11 cou-
ples (22.92%) with AR risks, 8 couples (16.67%) with mito-
chondrial disorders, and 8 couples (16.67%) with XL risks.
Thus, chromosomal abnormalities were the most common
risk category.

Following genetic counseling, 28 ARC couples under-
went ovarian stimulation. Their subtype distribution was
11 AR-related, 5 XL-related, 7 with microdeletions or mi-
croduplications, and 5 with mitochondrial disorders. 4 pa-
tients discontinued the cycle due to a lack of viable em-
bryos.

Of the remaining 24 couples, 1 AR couple (both car-
riers of a pathogenic hemoglobin subunit beta, HBB vari-
ant) underwent PGT-M, resulting in a healthy live birth
confirmed by prenatal diagnosis. Another couple, whose
female was a carrier of pathogenic ATPase copper trans-
porting beta (ATP7B) and a 1q21.1 microdeletion, opted for
PGT-A, with embryo transfer pending.

The remaining 22 couples underwent conventional
ART. During follow-up, 14 couples achieved live births.
Of the 28 ARC couples who proceeded to treatment, a
total of 15 healthy live births were achieved—14 among
the couples who underwent conventional ART and 1 from
the couple who underwent PGT-M (Table 5). 7 of these
pregnancies underwent prenatal diagnosis via amniocen-
tesis, all with normal results. 1 pregnancy was termi-
nated after amniocentesis identified a high-risk dystrophin
duchenne muscular dystrophy (DMD) variant (classified
as pathogenic). This finding was a direct consequence
of a PECS-identified pathogenic variant. As the variant
is XL recessive, male fetuses who inherit it would de-
velop DMD. Thus, the PECS result was causally linked
to the pregnancy termination. Another pregnancy was ter-
minated after prenatal testing revealed right-hand and di-
gestive tract malformations in the fetus. The PECS panel
identified heterozygous pathogenic variants in HBA1/HBA?2
(NM_000558.3/NM_000517.4) and a heterozygous gene
deletion variant in steroid sulfatase (STS) (NM_000351.4)
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Table 2. Components of the genetic testing panel.

Disease Gene Mode of inheritance  Detection rate Population carrier rate
GJB2 (NM_004004.5) AR >78% 1/22
Hereditary Hearing Loss SLC2644 (NM_000441.1) AR >93% 1/39
MTRNRI (NC _012920) maternal inheritance >89% 1/438 (female)
HBAI (NM_000558.3)
) - AR >99% 1/48
Thalassemia HBA2 (NM 000517.4)
HBB (NM 000518.4) AR >99% 1/313
Duchenne muscular dystrophy (DMD) DMD (NM_004006.2) XL recessive >80% 1/1175 (female)
Hemophilia A F8 (NM_000132.3) XL recessive >60% 1/1500 (female)
Fragile X Syndrome FMRI (NM_002024.5) XL >98% 1/1915 (female)
XL ichthyosis STS (NM 000351.5) XL recessive >85% 1/1915 (female)
Spinal muscular atrophy (SMA) SMN1 (NM 000344.3) AR >98% 1/46
PKU PAH (NM_000277.1) AR >86% 1/48
PTS (NM_000317.2) AR >85% 1/136
. . MMACHC (NM_015506.2) AR >90% 1/77
Methylmalonic Acidemia (MMA)
MMUT (NM_000255.3) AR >80% 1/151
Congenital Adrenal Hyperplasia (CAH) CYP21A42 (NM 000500.7) AR >93% 1/36
Hepatolenticular Degeneration ATP7B (NM_000053.3) AR >93% 1/40
Paget’s disease GAA (NM_000152.5) AR >72% 1/65
Xp11.22 Microduplication Syndrome HUWEI (NM_031407.6) XL 100% <1/100,000 (female)
Pelizacus-Merzbacher Disease PLPI (NM_000533.4) XL recessive >60% 1/25,000 (female)
MECP2 Duplication Syndrome MECP2 (NM_004992.3) XL recessive 100% <1/100,000 (female)
Int22h1/Int22h2-Mediated Xq28 Duplication Syndrome Xq28 (154.896-155.335 Mb) XL 100% <1/100,000 (female)
Xg28 (MECF2) Microdeletion Associated Rett Syndrome ~ Xg28 (154.021-154.097 Mb) XL dominant 100% 1/10,000 (female)
22q11.2 Microdeletion Microduplication Syndrome TBX1 (NM_080647.1) autosomal dominant 100% 1/2300
1q21.1 Microdeletion Microduplication Syndrome GJAS5 (NM 005266.6) autosomal dominant 100% <1/100,000
16p11.2 Microdeletion Syndrome SH2B1 (NM_001145795.1) autosomal dominant 100% <1/100,000
16p11.2Microdeletion Microduplication Syndrome TBX6 (NM_004608.3) autosomal dominant 100% <1/100,000
17q12 Microdeletion Syndrome HNFI1B (NM_00458.3) autosomal dominant 100% <1/100,000

AR, autosomal recessive; XL, X-linked; PKU, phenylketonuria.
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Table 3A. Pathogenic variant carrier status in male patients (n = 2120).

AR Autosomal dominant XL
Gene Number 95% CI Gene Number 95% CI Gene Number 95% CI
GJB2 72 (3.40%) 2.63to4.17 TBX6 3(0.14%) 0.03t00.41 STS 3(0.14%) 0.03to 0.41
HBAI1/2 52(2.45%) 1.79to3.11 TBXI 2(0.09%) 0.01t00.34 FMRI 1(0.05%) 0.00to0.26
CYP2142 49 (2.31%) 1.67t02.95 GJA5 2(0.09%) 0.01to0.34
SMN1 40 (1.89%) 1.31t02.47
ATP7B 38 (1.79%) 1.23t02.35
PAH 30(1.42%) 0.91to01.92
MMACHC 27 (1.27%) 0.80to 1.75
SLC26A44 25(1.18%) 0.72to 1.64
HBB 17 (0.80%) 0.47 to 1.28
GAA 17 (0.80%) 0.47 to 1.28
MMUT 16 (0.76%) 0.43 to 1.21
PTS 5(0.24%)  0.08 to 0.55
CI, confidence interval.
Table 3B. Pathogenic variant carrier status in female patients (n = 2733).
AR Autosomal dominant XL Maternal inheritance
Gene Number/95% CI Gene Number/95% CI Gene Number/95% CI Gene Number/95% CI

CYP2142 79 (2.89%)/2.26 t0 3.52 TBX1 5 (0.18%)/0.06 to 0.42 STS

5(0.11%)/0.02 to 0.32 MTRNRI 8 (0.29%)/0.13 to 0.57

F8 1 (0.04%)/0.00 to 0.21

GJB2 76 (2.78%)/2.16 t0 3.40 GJAS 4 (0.15%)/0.04 to 0.37 FMRI 2 (0.07%)/0.01 to 0.26
ATP7B 64 (2.34%)/1.77t0 2.91 TBX6 5(0.07%)/0.01 to 0.26 DMD 1 (0.04%)/0.00 to 0.21
SMNI1 63 (2.31%)/1.75 to 2.87
SLC2644 52 (1.90%)/1.39 to 2.41
HBAI2 51 (1.87%)/1.36 to 2.38
PAH 44 (1.61%)/1.14 t0 2.08
MMACHC 31 (1.13%)/0.73 to 1.53
HBB 28 (1.02%)/0.64 to 1.40
GAA 24 (0.88%)/0.55 to 1.32
MMUT 20 (0.73%)/0.44 to 1.15
PTS 12 (0.44%)/0.23 t0 0.78

in this patient. Both variants were categorized as P accord-
ing to ACMG/AMP criteria. The -a3.7 deletion is associ-
ated with «-thalassemia, and the STS deletion is associated
with XL ichthyosis. However, neither condition is known
to include limb or digestive tract malformations; therefore,
the PECS findings were not associated with the fetal anoma-
lies that led to termination. 3 patients experienced early
miscarriage, and 3 did not conceive after embryo transfer.
The overall study flow and clinical outcomes of ARC cou-
ples are summarized in Fig. 2. Briefly, among 4853 pa-
tients (2082 couples) screened by PECS, 48 ARCs were
identified. 20 couples did not pursue further intervention
after testing, whereas 28 entered ovarian stimulation. These
couples subsequently received PGT-M, PGT-A, or conven-
tional ART, with corresponding pregnancy outcomes.

Table 5 summarizes the carrier status and pregnancy
outcomes for the 11 identified at-risk couples (ARCs). 8
couples achieved healthy live births. 2 patients experienced
early miscarriage, and 1 patient canceled the embryo trans-
fer due to a lack of viable embryos.

Table 6 presents the characteristics and pregnancy out-
comes of 5 female carriers of XL diseases. 1 of these
women was identified as a carrier of a pathogenic DMD
variant.

Table 7 summarizes the data of patients with chro-
mosomal microdeletions and microduplications. Prenatal
diagnosis by amniocentesis was performed in only 1 car-
rier (of a T-box transcription factor 6 TBX6 variant), which
showed no abnormalities and resulted in a healthy live birth.

Table 8 presents the characteristics and pregnancy out-
comes of 5 female carriers of maternally inherited diseases.
All individuals were identified as carriers of the pathogenic
MTRNRI variant associated with hereditary hearing loss.
Among them, 1 patient achieved a healthy live birth via
rescue intracytoplasmic sperm injection (RICSI), 2 patients
experienced miscarriage, and 2 individuals had no viable
embryos for transfer.
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Total study population: 4853 patients
(2082 couples) from August 2022 to

Underwent PECS testing;

Identification of at-risk couples
(ARCs): both partners carry the

P same pathogenic gene; females carry
X-linked/mitochondrial variants;

A total of 48 ARC couples were identified:
detection rate 2.31% (48/2082)

either partner has chromosomal
variants

20 couples did not opt to continue

P medical treatment after receiving the
test results

cycle

28 couples entered the ovarian stimulation

\ 2 v

4

1 couple opted for PGT-

26 couples proceeded with
M conventional assisted reproduction A

1 couple opted for PGT-

Healthy live birth

terminations

Pregnancy outcomes: 14 live
births / 4 canceled embryo
transfers / 3 non-pregnancies / 3
early miscarriages / 2 pregnancy

Embryo has been transferred,
pending pregnancy test

Fig. 2. Flow diagram of the study cohort and clinical outcomes of at-risk couples (ARCs). PECS, preconception expanded carrier

screening; PGT-M, preimplantation genetic testing for monogenic disorders; PGT-A, preimplantation genetic testing for aneuploidy.

4. Discussion

In Europe, 2—4% of childbearing-age couples with-
out a family history are estimated to be at increased risk of
having a child with a recessive genetic disorder [26]. Car-
rier frequencies, however, vary substantially across popula-
tions. For instance, in southern China, 27.49% of individ-
uals without a family history have been reported to carry
at least one pathogenic variant, with carrier frequencies
varying widely across ethnic groups (4.15-81.35%) [27].
Chen et al. [28] conducted ECS in 300 couples undergoing
ART, targeting 330 genes associated with 342 AR or XL
diseases (including both SNVs and CNVs), and identified
that 64.83% of patients carried at least one pathogenic vari-
ant. Another study that focused on 201 recessive diseases
in a Chinese infertile population reported a carrier rate of
46.73% [29]. In the present study, among 4853 individuals
screened for 22 diseases, 81.58% (3959/4853) exhibited no
pathogenic variants, and the overall carrier rate was 18.42%
(894/4853).

To contextualize our findings, we compared them with
domestic and international reports. Domestically, Xi et al.
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(2020) [29] reported a carrier rate of 46.73% among 2923
Chinese ART patients using a panel that covered 201 genes
and 135 diseases, which is significantly higher than the
18.42% observed in our study. Internationally, Arjunan et
al. (2021) [30] reported carrier rates of 57.4-60.6% in a
U.S. cohort screened with a 176-gene panel, and Peyser et
al. (2019) [31] documented a rate of 29.4% in 4232 infer-
tility patients using a 102-gene panel. The lower carrier
rate observed in our study is primarily attributable to the
smaller panel size (22 diseases vs. 135-201 diseases in Chi-
nese studies and 102—176 genes internationally), as panel
breadth directly influences the probability of carrier detec-
tion. Furthermore, our cohort was recruited from Central
China, whereas the study by Xi et al. (2020) [29] included
patients from Shanghai; genetic differences among regional
Han subgroups may also contribute to these differences.

Regarding the detection rate of ARCs, we reported
2.31% (48/2082), which is comparable to the 2.26% re-
ported by Xi et al. (2020) [29] but higher than interna-
tional estimates, including 1.3% in a U.S. study with a 176-
gene panel, 1.2% in a U.S. fertility center, and 1.9% in an
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Table 4. Number of carriers and positive carrier rate for each pathogenic gene.

Carrier frequency

Disease Gene
N % 95% CI

Hereditary Hearing Loss GJB2 148  3.05% 2.57t03.53
Congenital Adrenal Hyperplasia CYP2142 128 2.64% 2.20t0 3.08
Thalassemia HBAI/HBA2 103 2.12% 1.75t02.50
SMA-1 SMN1 103 2.12% 1.75t02.50
Hepatocerebral Degeneration ATP7B 102 2.10% 1.73t02.48
Hereditary Hearing Loss SLC26A44 77 1.59% 1.28t01.95
PKU PAH 74 1.52% 1.22t01.88
MMA MMACHC 58 1.20% 0.90to 1.55
Thalassemia HBB 45 093% 0.69to1.23
Pompe Disease GAA 41  0.84% 0.61to1.13
MMA MMUT 36 0.74% 0.52t01.01
PKU PTS 17 035% 0.21t00.54
Hereditary Hearing Loss MTRNRI 8 0.16%  0.07 to 0.30
XL Ichthyosis STS 8 0.16%  0.07 to 0.30
16p11.2 Microdeletion/Microduplication Syndrome TBX6 8 0.16%  0.07 to 0.30
22q11.2 Deletion/Duplication Syndrome TBX1 7 0.14%  0.06 to 0.27
1q21.1 Microdeletion/Microduplication Syndrome GJAS 6 0.12%  0.04 to 0.24
Fragile X Syndrome FMRI 3 0.06%  0.04 to 0.24
Pelizaeus-Merzbacher Disease PLPI 2 0.04%  0.00 to 0.08
Pseudohypertrophic Muscular Dystrophy DMD 1 0.02%  0.00 to 0.05
Hemophilia A F8 1 0.02%  0.00 to 0.05

Australian nationwide study using a 1281-gene panel. This
discrepancy likely reflects our expanded ARC definition,
which incorporates mitochondrial disorders and chromo-
somal microdeletions or microduplications, whereas most
international studies consider only AR and XL conditions
[30,31]. Notably, despite the smaller panel, our ARC rate
closely aligns with that reported by Xi et al. (2020) [29], in-
dicating that our panel effectively captures high-prevalence
pathogenic genes in the Central Chinese ART population
(e.g., GJB2, CYP2142, HBA1/HBA2, SMNI, ATP7B, each
with a carrier rate >2%).

In terms of balancing detection efficiency and cost-
effectiveness, our 22-disease panel represents an optimized
design. It was tailored to include conditions with high
carrier frequencies in the Chinese population (e.g., GJB2:
3.05%, CYP21A42: 2.64%) and severe clinical outcomes,
ensuring detection of clinically relevant ARCs while con-
trolling costs (=$80 per test). In contrast, larger panels
(>100 genes) provided limited additional benefit. Xi et al.
(2020) [29] demonstrated that screening the top 31 genes
(carrier rate >0.5%) identified 94% of ARCs, and Ben-
Shachar et al. (2019) [23] observed that expansion be-
yond 18 core genes only marginally increased ARC detec-
tion. By excluding low-prevalence genes, our panel reduces
provider burden and patient anxiety while maintaining clin-
ical utility, consistent with the tandem-reflex strategy aimed
at minimizing non-effective tests [30].

The observed differences in carrier rates may also re-
flect variations in screening depth and population genetic

structure. In our cohort, 16.73% (812/4853) carried 1 vari-
ant, 1.61% (78/4853) carried 2, and 0.08% (4/4853) carried
3. The lower overall carrier rate relative to prior studies
may be attributable to the narrower panel, as well as dif-
ferences in testing methods and variant-reporting criteria.
As a single-center retrospective analysis, our findings may
be subject to regional factors, sample selection bias, and
facility-specific limitations. Multicenter prospective stud-
ies are therefore required to validate the generalizability of
these results. Furthermore, although genetic counseling and
reproductive advice were provided to high-risk couples, in-
dividual decision-making varies and may not fully reflect
post-screening choices across the broader patient popula-
tion.

Research indicates that ARC detection rates at-
tributable to AR diseases in the general population range
from 0.10% to 0.20% [32]. In our study, the detection rate
for AR ARCs was 0.53% (11/2082), which exceeds that re-
ported in the general population.

With respect to specific genes, the carrier rate of STS
in the general female population in the United Kingdom
was reported to be approximately 0.14% [33], whereas
it was relatively higher in our infertile cohort. In addi-
tion, 2 patients in our study carried FMR1 variants (0.10%,
2/2082). FMRI premutation carriers have an increased risk
of preterm birth or primary ovarian insufficiency, which
may significantly impact female offspring [34,35,36,37,
38]. 1 patient was a carrier of a pathogenic DMD variant;
although her partner tested negative, she had a 50% risk of
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Table 5. Clinical, genetic characteristics, and pregnancy outcomes of high-risk couples.

Partner 1 pathogenic variant Partner 2 pathogenic variant Gene Pathology ART Prenatal diagnosis ~ Results
HBA2 (NM_000517.4): -a4.2 HBA1/HBA2 (NM_000558.3/NM_000517.4): -a3.7 HBA?2 Thalassemia IVF / Live Healthy-Birth
HBB (NM_000518.4): c.126_129delCTTT HBB (NM_000518.4): ¢.316-197C>T HBB Thalassemia PGT-M  Negative Live Healthy-Birth
(p.F42Lfs*19)
HBB (NM_000518.4): c.217dupA (p.S73Kfs*2); HBB (NM_000518.4): c.126_129delCTTT (p.F42Lfs*19) HBB Thalassemia IVF Negative Live Healthy-Birth
ATP7B (NM_000053.3): ¢.3809A>G (p.N1270S)
HBA2 (NM_000517.4): -a4.2 HBA2 (NM_000517.4): -a4.2 HBA2 Thalassemia IVF / Live Healthy-Birth
GJB2 (NM_004004.5): c.235delC (p.L79Cfs*3) GJB2 (NM_004004.5): c.235delC  (p.L79Cfs*3); GJB2 Hereditary Hearing Loss ~ IVF / Live Healthy-Birth
CYP21A2 (NM_000500.7): ¢.955C>T (p.Q319%)
GJB2 (NM_004004.5): c.235delC (p.L79Cfs*3) GJB2 (NM_004004.5): c.235delC (p.L79Cfs*3) GJB2 Hereditary Hearing Loss  IVF / No viable embryo
GJB2 (NM_004004.5): c.235delC (p.L79Cfs*3) GJB2 (NM_004004.5): c.235delC (p.L79Cfs*3) GJB2 Hereditary Hearing Loss ~ IVF / Miscarriage
SMNI1 (NM_000344.3): (EX7-8DEL) SMNI1 (NM_000344.3): (EX7-8DEL) SMN1 SMA-1 IVF Negative Live Healthy-Birth
SMNI1 (NM_000344.3): (EX7-8DEL) SMNI1 (NM_000344.3): (EX7-8DEL) SMN1 SMA-1 IVF Negative Live Healthy-Birth
CYP21A2 (NM_000500.7): ¢.955C>T (p.Q319*) CYP21A2 (NM_000500.7): Gene fusion (CH-3) CYP2142 CAH IVF Negative Live Healthy-Birth
CYP21A2  (NM_000500.7): c.955C>T CYP21A2 (NM_000500.7): c.955C>T (p.Q319%*) CYP2142 CAH IVF / Miscarriage
(p-Q319%); GJB2 (NM_004004.5): c¢.235delC
(p.L79Cfs*3)
ART, assisted reproductive technology; IVF, in vitro fertilization.
Table 6. XL disease carriers information.

Pathogenic variant Gene  Pathology ART  Prenatal diagnosis  Results

STS (NM_000351.4): gene deletion mutation, Heterozygous STS XL ichthyosis  IVF  / Live Healthy-Birth

STS (NM_000351.4): gene deletion mutation, Heterozygous STS XL ichthyosis  IVF  / Live Healthy-Birth

STS (NM_000351.4): gene deletion mutation, Heterozygous STS XL ichthyosis  ICSI  / . . L. .

Induction on labor (Right Hand and Digestive Tract Malformations)

HBA1/HBA2 (NM_000558.3/NM_000517.4): -a3.7, Heterozygous

STS (NM_000351.4): gene deletion mutation, Heterozygous STS XL ichthyosis IVF  / Not pregnant

DMD (NM_004006.2): del (EX51-55DEL) DMD  DMD IVF  Positive Induction on labor (DMD)

STS, steroid sulfatase; ICSI, intracytoplasmic sperm injection.
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Table 7. Patients with microdeletions and microduplications.

Pathogenic variant Gene Pathology ART Prenatal diagnosis ~ Result
TBX6 (NM_004608.3): gene deletion mutation, Heterozygous TBX6 proximal 16p11.2 microdeletion syndrome IVF Negative Live Healthy-Birth
TBX6 (NM_004608.3): gene duplication mutation, Heterozygous TBX6 proximal 16p11.2 microduplication syndrome ICSI / Miscarriage
TBX1 (NM_080647.1): gene duplication mutation, Heterozygous TBX1 22q11.2 microduplication syndrome ICSI / Live Healthy-Birth
GJA5 (NM_005266.6): gene deletion mutation, Heterozygous ATP7B ~ GJAS ATP7B distal 1q21.1 microdeletion syndrome Wilson’s Disease =~ PGT-A  / In preparation
(NM_000053.3): ¢.2333G>T (p.R778L), Heterozygous
TBX1 (NM_080647.1): gene duplication mutation, Heterozygous TBX1 22q11.2 microduplication syndrome IVF / Not pregnant
TBX1 (NM_080647.1): gene duplication mutation, Heterozygous TBXI CYP214A2  22ql1.2 microduplication syndrome CAH ICSI / Ongoing
CYP21A2 (NM_000500.7): ¢.1069C>T (p.R357W), Heterozygous
TBX1 (NM_080647.1): gene deletion mutation, Heterozygous TBX1 22q11.2 microdeletion syndrome ICSI Negative Ongoing
Table 8. Maternal inheritance disease carriers informations.

Pathogenic variant Gene Pathology Prenatal diagnosis ~ ART Results

MTRNRI1 (NC_012920.1): m.1555A>G, Homoplasmy (Mutation Ratio 100%) MTRNRI  Hereditary Hearing Loss  / RICSI  Live Healthy-Birth

MTRNRI1 (NC_012920.1): m.1555A>G, Homoplasmy (Mutation Ratio 100%) MTRNRI  Hereditary Hearing Loss ~ / IVF No viable embryo

MTRNRI1 (NC_012920.1): m.1555A>G, Heteroplasmy (Mutation Ratio 71%)  MTRNRI  Hereditary Hearing Loss ~ / IVF Miscarriage

MTRNRI1 (NC_012920.1): m.1555A>G, Homoplasmy (Mutation Ratio 100%) MTRNRI  Hereditary Hearing Loss  / IVF No viable embryo

MTRNRI1 (NC_012920.1): m.1555A>G, Heteroplasmy (Mutation Ratio 68%)  MTRNRI  Hereditary Hearing Loss  / IVF Miscarriage

RICSI, rescue intracytoplasmic sperm injection.
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transmitting the variant to male offspring. At 16 weeks’
gestation, amniocentesis confirmed a DMD variant in the
fetus, leading to pregnancy termination.

21 patients carried chromosomal microdeletions or
microduplications, corresponding to a detection rate of
1.0% (21/2082). Previous studies have reported that the
incidence of such findings in fetuses of chromosomally
normal pregnant women can reach 1-1.7% [39]; exam-
ples include Williams, DiGeorge, and Prader-Willi syn-
dromes. Furthermore, chromosomal microdeletions or mi-
croduplications account for approximately 12% of unex-
plained intellectual disability, congenital malformations,
and developmental delay [40]. 8 women carried mitochon-
drial DNA (mtDNA) mutations, which corresponds to a de-
tection rate 0.29%, 8/2733. mtDNA mutations are associ-
ated with a broad range of disorders, including neuromus-
cular disease, diabetes, vision loss, and hearing impairment
[41,42,43,44,45]. All 8 patients in our cohort had mito-
chondrially encoded 12S RNA (MTRNRI)-related heredi-
tary deafness.

It is important to emphasize that PECS reports include
only variants with well-defined phenotypes that are covered
by the screening panel. VUS are not reported, which means
that PECS cannot capture all potential genetic risks, espe-
cially those associated with emerging diseases or poorly
characterized genotypes. Moreover, a negative PECS result
does not fully exclude the risk of inherited disorders, given
the complex inheritance patterns of many conditions and
the limited gene coverage of any panel. Therefore, com-
prehensive pretest genetic counseling is essential to explain
the purpose, scope, and limitations of screening, as well as
the potential need for additional tests [46]. Clinicians must
have sufficient expertise in genetic counseling to accurately
interpret results and guide patients on risk management and
future reproductive options.

Although ECS provides valuable information for re-
productive planning, it also raises ethical considerations.
A key concern is that ECS may be perceived as encour-
aging selective reproduction, bordering on eugenics. It
should be clarified that the goal of ECS is not to eliminate
individuals with disabilities, but to empower prospective
parents through informed, non-directive counseling. Aca-
demic perspectives vary: some support widespread ECS to
reduce the burden of severe genetic disease, whereas others
caution against potential societal pressures, stigmatization,
and inequitable access. Organizations such as ACOG and
ACMG emphasize the principles of voluntariness, informed
consent, and non-directive counseling. Therefore, any im-
plementation strategy must balance public health benefits
with individual rights. Further interdisciplinary research
incorporating perspectives from medical ethics, sociology,
and health economics is needed to guide the responsible in-
tegration of ECS into clinical practice.
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Limitations

Several limitations of the present study should be ac-
knowledged. First, this research relies on a single-center
retrospective analysis, meaning the findings may be inher-
ently influenced by regional characteristics, sample selec-
tion biases, and the specific limitations of the medical facili-
ties involved. Therefore, large-scale, multi-center prospec-
tive studies are necessary to further validate the generaliz-
ability and reliability of these results across broader pop-
ulations. Second, the initial research design restricted the
expanded carrier screening (PECS) panel to 22 specific dis-
eases. This targeted scope dictates that mutations with un-
clear clinical significance were not reported, and a nega-
tive screening result cannot completely eliminate the over-
all risk of offspring inheriting genetic diseases, given the
complex, multigenic nature of many inherited disorders.
Finally, although comprehensive genetic counseling and
reproductive advice were provided to all identified high-
risk couples, their final reproductive choices remain highly
subjective. Consequently, the clinical outcomes observed
here may not fully reflect the standardized reproductive
decision-making processes of all patients following genetic
screening.

5. Conclusions

This retrospective study evaluated the clinical value
of PECS in an ART population in Central China. Among
4853 patients (2082 couples) screened for 22 monogenic
diseases, 18.42% carried at least 1 pathogenic variant. The
most frequently implicated genes were GJB2, CYP2I1A2,
HBAI/HBA2, SMNI, and ATP7B. The ARC detection
rate was 2.31%, encompassing AR, XL, chromosomal mi-
crodeletion or microduplication, and mitochondrial sub-
types. Through tailored genetic counseling and subse-
quent interventions, including PGT-M, PGT-A, and con-
ventional ART, most ARCs achieved favorable pregnancy
outcomes, with 14 couples delivering healthy infants. In
summary, PECS provides a valuable tool for identifying ge-
netic risks in this population, supports informed reproduc-
tive decision-making, and contributes to the prevention of
affected offspring. These findings support the implemen-
tation of a focused, population-tailored carrier screening
strategy in Central China.
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