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Abstract

Purpose To investigate the feasibility of the application of conventional in vitro fertilization (cIVF) for couples undergoing
preimplantation genetic testing for aneuploidies (PGT-A) with non-male factor infertility.

Methods To evaluate the efficiency of sperm whole-genome amplification (WGA), spermatozoa were subjected to three
WGA protocols: Picoplex, ChromlInst, and multiple displacement amplification (MDA). In the clinical studies, 641 couples
who underwent PGT-A treatment for frozen embryos between January 2016 and December 2021 were included to retrospec-
tively compare the chromosomal and clinical outcomes of cIVF and intracytoplasmic sperm injection (ICSI). Twenty-six
couples were prospectively recruited for cIVF and PGT-A treatment between April 2021 and April 2022; parental contami-
nation was analyzed in biopsied samples; and 12 aneuploid embryos were donated to validate the PGT-A results.

Results Sperm DNA failed to amplify under Picoplex and ChromlInst conditions but could be amplified using MDA. In
frozen PGT-A cycles, no significant differences in the average rates of euploid, mosaic, and aneuploid embryos per cycle
between the cIVF-PGT-A and ICSI-PGT-A groups were observed. The results of the prospective study that recruited couples
for cIVF-PGT-A treatment showed no paternal contamination and one case of maternal contamination in 150 biopsied tro-
phectoderm samples. Among the 12 donated embryos with whole-chromosome aneuploidy, 11 (91.7%) presented uniform
chromosomal aberrations, which were in agreement with the original biopsy results.

Conclusions Under the Picoplex and ChromInst WGA protocols, the risk of parental contamination in the cIVF-PGT-A
cycles was low. Therefore, applying cIVF to couples with non-male factor infertility who are undergoing PGT-A is feasible.

Keywords Conventional IVF - PGT-A - Parental contamination - Embryo ploidy

Introduction

Preimplantation genetic testing (PGT) is a method for testing
single-gene disorders and chromosomal and mitochondrial
defects in embryos fertilized in vitro, thereby avoiding the
transmission of the defects to the offspring. PGT was first
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introduced for human embryos in 1989 by demonstrating that
it was possible to detect the sex of an embryo [1]. At that time,
conventional in vitro fertilization (cIVF) was the only choice
for insemination. Once the intracytoplasmic sperm injection
(ICSD) technique was invented [2], it quickly became the pre-
dominant insemination method in PGT cycles based on the
assumption that any risk of extraneous sperm contamination
was eliminated and clinical outcomes were improved. Further-
more, ICSI was previously recommended by the American
Society for Reproductive Medicine (ASRM), the European
Society of Human Reproduction and Embryology (ESHRE),
and the Preimplantation Genetic Diagnosis International
Society (PGDIS) for PGT cycles [3-5]. However, scientific
evidence of the benefits of ICSI is lacking.

ICSI is a “non-natural” invasive technique that circum-
vents natural sperm selection mechanisms, carries the risk
of injecting biochemical contaminants and exogenous DNA,
and may disturb the ooplasm and meiotic spindles. The
long-term safety of ICSI offspring is a concern [6]. Many
researchers broadly agree that the use of ICSI for non-male
factor infertility does not improve clinical outcomes com-
pared to cIVF [7-10]; however, the financial burden on
patients and the workload in embryology laboratories are
increased [11]. Recently, the ASRM suggested that ICSI for
PGT in the absence of male factor infertility should be lim-
ited to cases in which contamination with extraneous sperm
could affect the accuracy of the test results [12]. However, it
is unclear under what conditions the accuracy of PGT results
is disturbed by extraneous sperm.

Clinical studies have compared the prevalence of embry-
onic chromosomal abnormalities between patients with cIVF
and ICSI during PGT cycles. Similar abnormal genetic rates
and negligible paternal contamination have been observed
for cIVF and ICSI in cycles of PGT for monogenic disorders
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[13]. In cycles of PGT for aneuploidies (PGT-A), two sibling-
oocyte studies showed that blastocysts created with cIVF and
ICST had similar rates of aneuploidy and mosaicism [14, 15],
whereas one retrospective cohort study identified a trend
toward higher rates of mosaicism in cIVF versus ICSI [16].
Recently, a retrospective study with a large sample size dem-
onstrated that, in the context of non-male factor infertility,
ICSI resulted in an 11% lower embryo euploidy rate com-
pared with cIVF [17]. The aforementioned findings provide
evidence for the use of cIVF in PGT cycles. However, further
studies are required to confirm its reliability and validity.

In this study, we examined the efficiency of sperm DNA
amplification using various whole-genome amplification
(WGA) protocols. A retrospective cohort study was per-
formed to compare the chromosomal and clinical outcomes
between the two insemination methods in frozen PGT-A
cycles, and the PGT-A results in cIVF were validated using
data from prenatal diagnoses and spontaneous abortuses.
Furthermore, we prospectively recruited couples for cIVF
and PGT-A treatments to evaluate parental contamination in
cIVF-inseminated embryos and verified the PGT-A results
using donated aneuploid embryos.

Materials and methods

Study design and patients

This study consisted of two parts, as illustrated in Fig. 1.
Part I: WGA and copy number variation sequencing (CNV-seq)

of human sperm First, different numbers (n=1, 3, 5, and
10) of spermatozoa were used for three standard WGA
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Fig.1 Study flowchart. The left panel exhibited the fundamental work of sperm WGA. The right panel showed the scheme of clinical applica-

tion of cIVF in PGT-A
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protocols (Picoplex, ChromlInst, and multiple displacement
amplification (MDA)), followed by CNV-seq, and each
group was replicated twice. Second, to explore the effect of
lyase concentration and lysis time on sperm amplification,
10 spermatozoa were amplified using non-standard condi-
tions of the ChromlInst protocol, which combined three lyase
concentrations (1* lysis enzyme; 2.5% lysis enzyme; 2.5%
lysis enzyme + 0.1 mg/ml Qiagen Proteinase K) and three
lysis time (75 °C, 10 min; 95 °C, 4 min; 22 °C, hold; 55 °C,
15 min; 75 °C, 10 min; 95 °C, 10 min; 22 °C, hold; 55 °C,
30 min; 75 °C, 10 min; 95 °C, 10 min; 22 °C, hold), followed
by CNV-seq, with three replicates per group. Third, to mimic
sperm contamination in trophectoderm (TE) biopsy, sper-
matozoa were mixed with five aneuploid human embryonic
stem cells (hESCs) and subjected to three standard WGA
protocols, followed by CNV-seq. The ratios of sperm—hESC
were 1:5, 3:5, 5:5, and 10:5 and were prepared in triplicate.

Part Il: comparison of embryo ploidy and clinical outcomes
between cIVF and ICSI and verification of PGT-A results in
cIVF In our clinic, ICSI is routinely performed for fresh PGT
cycles. Some patients with abnormal pregnancies (primarily
spontaneous abortions with chromosomal abnormalities or
recurrent implantation failure) in fresh cIVF or ICSI cycles
choose PGT-A for their surplus frozen embryos (frozen
PGT). A retrospective cohort study enrolling all patients
who underwent PGT-A treatment for frozen embryos and
had at least one blastocyst for biopsy between January 2016
and December 2021 was performed to compare the chromo-
somal and clinical outcomes between cIVF and ICSI, and
the cytogenetic results of prenatal diagnoses and spontane-
ous abortuses were followed up. We further conducted a
prospective study by recruiting couples for cIVF and PGT-A
treatments (fresh cIVF-PGT) between April 2021 and April
2022. The inclusion criteria were compliance with the indi-
cations for PGT-A, normal ovarian reserve, and normal
sperm quality, according to the World Health Organization
criteria [18]. Parental contamination was analyzed in all
biopsied TE samples from the recruited couples. To vali-
date the concordance of the CN'V-seq results between the
biopsied TE samples and the remaining blastocysts, donated
aneuploid blastocysts were dissected into two sections, inner
cell mass (ICM) and TE, according to the method described
by Capalbo et al. [19].

Ethical approval

This study was approved by the ethics committee of the
Reproductive and Genetic Hospital of CITIC-Xiangya.
Except for those enrolled in the retrospective study, all
patients provided informed consent before any study-
specific procedures were performed. For the retrospective
study, which was based on an analysis of medical electronic

records, informed consent was exempted by the ethics com-
mittee under the condition that the data were anonymously
analyzed.

Sperm collection and mixture with hESC

Considering the structural changes in sperm after the acro-
some reaction and their possible effect on the WGA results,
we collected zona pellucida (ZP)-bound sperm by mechani-
cally stripping arrested day 6 embryos. Ten patients who
underwent cIVF donated the arrested embryos. The embryos
were placed in 10 pl drops of G-MOPS (Vitrolife, Gote-
borg, Sweden) covered with paraffin oil (Ovoil, Vitrolife).
ZP-bound sperm was stripped down by repeated pipetting
of the embryos in and out of a 60-pm glass pipette. Based
on the study design, the corresponding numbers of detached
sperm were transferred with an ICSI micropipette (Cooper-
Surgical, USA) to 2 pl drops of G-MOPS. Each drop was
pipetted up and down three times and transferred to a 0.2-ml
polymerase chain reaction (PCR) tube (Axygen, USA). After
tubing, the drops were examined under an inverted micro-
scope to confirm the absence of residual sperm.

In the mixing experiment, five cells from an established
aneuploid hESC (46, XN, +2p (pter —p16.2,~54 Mb, x 3
), —6q (q27 — qter, ~4.9 Mb, x 1)) were transferred into a
0.2-ml PCR tube and mixed with the corresponding amounts
of detached ZP-bound sperm. The cells were obtained from
an established hESC bank at the National Engineering and
Research Center of Human Stem Cells. The cell line was
derived from an unbalanced translocation embryo of an indi-
vidual with reciprocal translocation, and the karyotype of
cell line was confirmed using fluorescence in situ hybridiza-
tion and CNV shotgun sequencing as previously described
[20].

Laboratory procedures

Oocyte retrieval was performed under ultrasound guid-
ance 34-36 h after human chorionic gonadotrophin (hCG)
administration. All cumulus-oocyte complexes (COCs) were
placed in fertilization medium (G-IVF, Vitrolife) at 37 °C
in an atmosphere of 6% CO, for 3—5 h before inseminating
by cIVF or ICSI. For patients with cIVF, 100,000 motile
sperm were added to 1 ml fertilization medium in a tube (BD
Falcon™ 352,003), and subsequently, 2-3 COCs were trans-
ferred into the tube. Sperm COCs were co-cultured over-
night at 37 °C and 6% CO, in an incubator (Thermo Forma
3121). For patients who underwent ICSI, the COCs were
stripped using hyaluronidase (Vitrolife), and only oocytes
that extruded the first polar body were microinjected. After
injection, the oocytes were transferred to 20 pl fertiliza-
tion medium and cultured individually overnight in the tri-
gas incubator (ASTEC APM-50D) at 37 °C, 6% CO,, and

@ Springer



2336

Journal of Assisted Reproduction and Genetics (2023) 40:2333-2342

5% O,. Normal fertilization was identified 16-18 h after
insemination by the presence of two pronuclei (2PN). Sub-
sequently, all zygotes were transferred to cleavage medium
(G1.5, Vitrolife). On day 3, the embryos were scored using
Puissant’s criterion and then transferred, cryopreserved, or
cultured to the blastocyst stage based on clinical indications
and the patient’s willingness. In cycles of blastocyst cul-
ture, blastocysts that scored >4BC on day 5 according to the
grading system developed by Gardner and Schoolcraft [21]
were considered suitable for transfer; the remaining blasto-
cysts (>4BC) on days 5-7 were cryopreserved. Embryos
were vitrified using the Kitazato vitrification kit (Kitazato
Biopharma, Shizuoka, Japan) in combination with a closed
high-security vitrification straw (Cryo Bio System, France).

Frozen cycles of thawed cleavage-stage embryos and
thawed blastocysts were included in the frozen PGT. The
thawed cleavage-stage embryos were transferred to blasto-
cyst medium (G2.5, Vitrolife), and TE biopsy was performed
on days 5-7 if the embryos reached a morphological grade
of at least 4BC. The thawed blastocysts were transferred to
G2.5 medium and cultured for 1-4 h. Re-expanded blas-
tocysts were considered surviving and suitable for biopsy.
A small breach (approximately 10 pm) was created in the
ZP by one or two laser pulses immediately before biopsy,
and approximately 3—8 TE cells were aspirated into the
biopsy pipette and separated by laser-mediated drilling [22],
and sperm contamination was carefully avoided under an
inverted microscope. Blastocysts were vitrified within 1-2 h
after TE biopsy, and the biopsied TE cells were subjected
to next-generation sequencing. Only euploid embryos were
selected for transfer in the frozen embryo transfer cycles;
mosaic embryos were not considered. No more than two
blastocysts were transferred to each patient, and a single
embryo transfer was recommended.

In fresh cIVF-PGT, cIVF-inseminated embryos were
cultured to the blastocyst stage, and the blastocysts were
biopsied and cryopreserved as described above.

WGA protocols and sequencing

Three different strategies were used to perform WGA
according to the manufacturer’s instructions: Picoplex
(Rubicon Genomics, USA), ChromlInst (Yikon Genomics,
China), and MDA (ChromLong, Yikon Genomics, China).
Picoplex and ChromInst were used for the clinically biopsied
TE samples. The DNA concentration of the purified library
mixture was determined by Qubit®2.0 (Thermo Fisher Sci-
entific, USA).

To analyze the ploidy status of sperm cells, mixed sam-
ples, and biopsied TE samples, the library was sequenced
using a NextSeq 550 sequencer (Illumina, Inc., USA) with a
single-ended read length of 55 bp. Approximately two mil-
lion (sperm cells and mixed samples) or ten million (biopsied
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TE samples) raw reads were generated for each sample.
Whole-chromosome aneuploidies, mosaicism, and segmental
aneuploidies (deletion or duplication >4 Mb) were identified
in biopsied TE samples. Embryos were defined as mosaics
if the equivalent of 30-70% of the cells were abnormal. Less
than 30% of abnormal cells were classified as euploid, and
over 70% of abnormal cells were classified as aneuploid. The
CNV-seq platform was previously validated for mosaicism
detection using cell mixing experiments [23].

Genotyping assay of samples and parental genomes

The genotypes of each TE and parental genome were
detected using an Infinium Asian Screening Array bead chip
(Illumina Inc., USA). Signal scanning was performed using
the iScan system (Illumina Inc., USA). Genomic DNA was
extracted from parental peripheral blood. Genomic DNA and
amplified DNA from the TE samples were linearly ampli-
fied, fragmented, precipitated, and hybridized according to
the manufacturer’s instructions. The genotype of each sam-
ple was analyzed using GenomeStudio software (version 2.0,
[llumina, Inc., USA), and the B allele frequency and log R
ratio values of all single nucleotide polymorphisms were
generated simultaneously. The risk of parental DNA contam-
ination in samples can be effectively detected using a quanti-
fication parental contamination testing (qPCT) model based
on allelic ratio analysis that uses the sequencing results of
WGA products [24].

Outcome measures

In the retrospective study, only the first embryo transfer
cycle after PGT-A treatment was used to analyze pregnancy
outcomes. Clinical pregnancy was diagnosed by ultrasound
detection of a gestational sac 2 weeks after a positive hCG
test. Early miscarriage was defined as the spontaneous loss
of intrauterine pregnancy before 12 weeks of gestation.
Ongoing pregnancy was defined as the presence of a fetal
heartbeat on ultrasonography at 12 weeks of gestation.

Statistical analysis

Continuous variables were described as mean + standard
deviation or median (quartile) according to distribution.
A two-sample t-test was used for normally distributed val-
ues, and the Mann—Whitney U test was used for skewed
data. Categorical variables were described as frequencies
or percentages and analyzed using Pearson’s chi-square
test or Fisher’s exact test, as appropriate. All statisti-
cal analyses were conducted using IBM SPSS Statistics
25, and a P value < 0.05 was considered statistically
significant.
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In the retrospective design of frozen PGT-A cycles,
euploidy, aneuploidy, and mosaicism rates were calcu-
lated per cycle and averaged for the cIVF and ICSI groups
to compare chromosomal outcomes. Linear regression
analysis was conducted to correct for potential confound-
ing factors (female age, body mass index (BMI), male
age, sperm source, sperm concentration, sperm motil-
ity, number of oocytes retrieved, developmental stage of
embryos at freezing in their corresponding fresh cycles,
indications for PGT-A, and percentage of good-quality
blastocysts in frozen PGT cycles). To compare pregnancy
outcomes in the first post-PGT embryo transfer cycle,
logistic regression analysis was performed to adjust for
confounders (female age, BMI, sperm source, sperm con-
centration, sperm motility, number of oocytes retrieved,
developmental stage of embryos at freezing in their cor-
responding fresh cycles, indications for PGT-A in frozen
cycles, number of embryos transferred, transfer of good-
quality blastocysts, protocol for endometrial preparation,
and endometrial thickness in embryo transfer cycles).

Results

Whole-genome amplification of sperm and sperm-
hESC mixture

The WGA experiment, in which one, three, five, or ten sper-
matozoa were collected, exhibited no DNA smears for the
Picoplex and ChromlInst products, whereas positive results

Picoplex
P N

Chrominst

PEINT 1 37757 106 o (N e 3 i 6

SRR

Fig.2 WGA and sequencing results of sperm. A Sperm cells (right
picture) detached from zona pellucida of an arrested embryo (left pic-
ture). B Electrophoresis of the WGA products from 1, 3, 5, and 10
sperm cells amplified by Picoplex, ChromlInst, and MDA. P, positive

Copy Number
o oy N

e A g

were observed for the MDA products. After CNV-seq, the
Picoplex and Chromlnst products were unable to generate
qualified results, whereas high-quality CN'V-seq results were
obtained from the MDA products of the 10 spermatozoa
(Fig. 2 and Supplementary Table S1). ChromInst-WGA of
10 spermatozoa with high lyase concentrations and pro-
longed lysis time failed to amplify sperm DNA and generate
qualified CN'V-seq results (Supplementary Table S1).

All 36 sperm-hESC samples were successfully amplified,
and CNV-seq results were obtained. The results showed that,
when one, three, or five spermatozoa were added to five ane-
uploid hESCs, no change in the CN'V-seq results of hESCs
was observed, regardless of the WGA protocol (Supplemen-
tary Table S1). When 10 spermatozoa were added, the CNV-
seq results of hESCs remained unchanged using Picoplex
and ChromlInst but changed from aneuploidy to mosaicism
using MDA (Fig. 2 and Supplementary Table S1).

Embryo ploidy and pregnancy outcomes
between cIVF-PGT-A and ICSI-PGT-A

In frozen PGT, 1390 blastocysts from 442 cIVF cycles and
536 blastocysts from 199 ICSI cycles were biopsied. Among
them, 1387 and 536 blastocysts had conclusive chromosomal
diagnoses in the cIVF and ICSI groups, respectively. The
numbers of euploid, mosaic, and aneuploid embryos were
757, 173, and 457 in the cIVF group and 293, 77, and 166
in the ICSI group, respectively.

The baseline characteristics of the two groups are dis-
played in Supplementary Table S2. No significant differences

" Picoplex

" Chrominst

" Picoplex

“ Chrominst

ST o S S S Wi Eacan 4

control; N, negative control. C CNV-seq results of WGA products
amplified from 10 sperm cells using Picoplex, ChromInst, and MDA.
D CNV-seq results of WGA products from 10 sperm cell and 5 hESC
mixtures amplified by Picoplex, ChromInst, and MDA

@ Springer



2338

Journal of Assisted Reproduction and Genetics (2023) 40:2333-2342

were observed in the average rates of euploid, mosaic, and
aneuploid embryos per cycle between cIVF-PGT-A and
ICSI-PGT-A (50.0 (27.1, 75.0) versus 50.0 (25.0, 77.5),
P=0.990; 0 (0, 25.0) versus 0 (0, 25.0), P=0.766; 25.0 (0,
57.5) versus 25.0 (0, 50.0), P=0.286, respectively). Among
the first embryo transfer cycles post-PGT, clinical preg-
nancy, early miscarriage, and ongoing pregnancy rates were
not significantly different between the cIVF-PGT-A and
ICSI-PGT-A groups (59.4% versus 55.6%, P=0.148; 9.6%
versus 12.0%, P=0.792; 53.0% versus 48.1%, P=0.205,
respectively) (Table 1).

Parental contamination analysis of TE samples
in fresh cIVF-PGT

Twenty-six patients were recruited in fresh cIVF-PGT, with
an average age of 35.0+4.0 years, a BMI of 20.7 +2.4 kg/
m?, and AMH levels of 5.3 +4.0 ng/ml. In total, 432 oocytes
were obtained and produced 285 2PN zygotes, 276 cleaved
embryos, and 153 available blastocysts. After CNV-seq, 150
blastocysts had a conclusive chromosomal diagnosis, and the
rates of euploidy, mosaicism, and aneuploidy were 52.0%,
11.3%, and 36.7%, respectively.

Based on the qPCT model, parental contamination was
analyzed in the biopsied TE samples of all 150 blastocysts.
No paternal contamination was detected in any sample.
Maternal contamination was observed in one TE sample at
a contamination level of 10% (Table 2).

Validating the PGT-A results in cIVF-PGT

To validate the PGT-A results of the biopsied TE sample in
the remaining embryo, 12 blastocysts with whole-chromo-
some aneuploidy donated by eight patients in fresh cIVF-
PGT were dissected into two sections: ICM and TE. In 11

Table 1 Embryo ploidy and pregnancy outcomes of frozen PGT-A cycles

embryos, the CNV-seq results of the dissected ICM and
TE samples were consistent with the PGT-A results. One
embryo displayed identical CN'V-seq results in the clinically
biopsied TE and dissected ICM samples, but an extra seg-
mental mosaicism was identified in the dissected TE sample
(Table 2).

To explore whether there were false-negative diagnoses
in cIVF-PGT-A, the cytogenetic results of the prenatal diag-
noses and abortion samples were analyzed. We tracked 32
prenatal diagnoses (one from fresh PGT and 31 from frozen
PGT) and eight cytogenetic results from abortion samples
(all from frozen PGT), all of which demonstrated normal
karyotypes.

After cIVF-PGT-A administration, 173 infants (10 from
fresh PGT and 163 from frozen PGT) were born. The sex of
all the infants was consistent with the PGT-A results.

Discussion

Our study showed that under the conditions of Picoplex and
ChromlInst, sperm DNA failed to amplify, even at high lyase
concentrations and prolonged lysis time. Moreover, the arti-
ficial mixing of hESCs with spermatozoa did not alter the
CNV-seq results of hESCs. In contrast, sperm DNA was
amplified, and the CNV-seq results of hESCs shifted from
aneuploidy to mosaicism in the mixing experiment using
MDA. Similar results have been recently reported [14, 24,
25]. Amplification of sperm DNA requires strong cell lysis
conditions, which typically involve incubation with dithi-
othreitol and alkalis to induce sperm chromatin deconden-
sation [26-28]. The lysis conditions for Picoplex and Chro-
mlnst were milder, which effectively amplify the biopsied
embryo samples without amplifying sperm DNA. The alka-
line lysis used in MDA is more aggressive for cell lysis and

cIVF (n=442) ICSI (n=199) P value Crude p/OR (95% CI) Adjusted B/OR (95% CI)
Embryo ploidy outcomes
Euploidy rate per cycle 50.0 (27.1,75.0) 50.0 (25.0,77.5) 0.990 0.004 (-0.055, 0.062) 0.000 (—0.068, 0.068)
Mosaicism rate per cycle 0 (0, 25.0) 0 (0, 25.0) 0.766 —0.025 (- 0.059, 0.010) —0.023 (- 0.066, 0.020)
Aneuploidy rate per cycle 25.0 (0, 57.5) 25.0 (0, 50.0) 0.286 0.021 (-0.038, 0.079) 0.023 (-0.042, 0.088)
Cycles with at least one 365/442 (82.6) 154/199 (77.4) 0.121
euploid embryo for transfer
Pregnancy outcomes of the first embryo transfer cycles
Number of transfer cycles 315 135
Clinical pregnancy* 187/315 (59.4) 75/135 (55.6) 0.148 1.169 (0.778, 1.756) 1.544 (0.890, 2.680)
Early miscarriage 18/187 (9.6) 9/75 (12.0) 0.792 0.781 (0.334, 1.826) 0.821 (0.231,2.919)
Ongoing pregnancy 167/315 (53.0) 65/135 (48.1) 0.205 1.215 (0.812, 1.819) 1.477 (0.848, 2.574)

Data are presented as median (quartiles) or number/total number (%)

“Two and one ectopic pregnancies existed in cIVF and ICSI group, respectively
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Table 2 Information of the patients undergoing fresh cIVF-PGT-A cycles with qPCT

Patient Female Total Euploid/aneuploid/ qPCT results Concordance assessment of ploidy between fractions
age (years) embryos mosaic embryos
tested (n)
(n)
Donated Clinical biopsied Ic™M TE
embryos sample
1 28 11 10/1/0 Negative
2 42 6 0/6/0 Negative 2 -10,-22 -10,-22 -10,-22
-X -X -X
3 34 11 6/5/0 Negative
4 31 16 12/1/3 Positive™
5 36 4 2/2/0 Negative
6 33 3 17210 Negative 1 -7,+16 -7,+16 -7,+16
7 35 4 3/0/0" Negative
8 39 9 6/1/2 Negative 1 -20 -20 -20
9 35 7 3/4/0 Negative
10 35 7 4/172 Negative
11 33 5 2/3/0 Negative 1 -22 -22 -22
12 32 4 2/1/1 Negative
13 38 5 1/4/0 Negative
14 39 6 3/2/07 Negative 1 +14 +14 +14
15 38 11 1/5/47 Negative
16 31 3 17111 Negative
17 30 12 10/2/0 Negative
18 36 7 3/3/1 Negative 1 +22 +22 +22
19 37 1 0/1/0 Negative 1 -7,+12,-13 -7,+12,-13 -7,+12,-13
20 31 2 1/0/1 Negative
21 32 4 2/0/2 Negative
22 34 2 1/1/0 Negative
23 35 4 0/4/0 Negative 1 —-4,—-13,+15,+22  —4,-13,+15,+22 —4,-13,-14q
(q32.12—q32.33,~15 Mb, x 1,
mos, ~34%),+ 15,+22
24 41 5 1/4/0 Negative 3 -13 -13 -13
-15 -15 -15
—11,+16 —-11,+16 —11,+16
25 31 4 3/1/0 Negative
26 45

*One of the tested embryos exhibited 10% maternal contamination

1One of the tested embryos had no conclusive result

thus achieves sperm DNA amplification, indicating a high
risk of paternal contamination in MDA-based cIVF-PGT.
A recent meta-analysis suggested that, compared with
cIVF, there is no indication of an increased risk of chromo-
somal abnormalities in ICSI offspring [29]. However, data
on the ploidy of preimplantation embryos in cIVF and ICSI
are limited. Our results showed that under aggressive con-
ditions of cell lysis before WGA, the CNV-seq results of
hESCs changed from aneuploidy to mosaicism upon mixing
with spermatozoa, and we speculated that the mosaicism rate
would increase in cIVF-PGT-A cycles if sperm contami-
nation could disturb the PGT-A results. Our study identi-
fied no difference in the mosaicism rate between the two
insemination methods in frozen PGT cycles, suggesting that
cIVF is unlikely to significantly affect the CNV-seq results

of embryos. Deng et al. observed similar mosaicism rates for
cIVF and ICSI [15]. A study reported that cIVF increased
the mosaicism rate compared to ICSI; however, no signifi-
cant difference was observed between the two groups [16].
In our opinion, cIVF can be safely applied in PGT-A cycles
because visual inspection of spermatozoa under an inverted
microscope largely avoids the presence of spermatozoa in
biopsied TE pieces, and sperm DNA cannot be amplified
under the WGA conditions used for biopsied TE samples.
Research on the clinical effectiveness of cIVF in patients
meeting the indications for PGT-A is limited. For advanced
age patients with non-male factor infertility, studies have
demonstrated that no advantage for ICSI over cIVF in terms
of the rates of fertilization, top-quality embryo, clinical
pregnancy, miscarriage, and live birth has been observed
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[30-33]. To the best of our knowledge, no previous study
has compared the clinical outcomes of cIVF and ICSI in
patients with a history of recurrent implantation failure or
miscarriage. Our study analyzed pregnancy outcomes in fro-
zen PGT cycles of patients who primarily experienced abor-
tion with chromosomal aberration or recurrent implantation
failure after cIVF or ICSI treatment and observed that the
rates of clinical pregnancy, early miscarriage, and ongoing
pregnancy were similar between the two groups of insemi-
nation methods.

A recently developed method, qPCT, was used for quanti-
tative parental contamination testing [24]. The qPCT model
can effectively detect the risk of parental DNA contami-
nation in samples based on allelic ratio analysis using the
sequencing results of the WGA products. No paternal con-
tamination was detected in any blastocysts from fresh cIVF-
PGT-A, indicating that the risk of paternal contamination
was negligible in fresh cIVF-PGT-A cycles using Picoplex
and ChromlInst. The qPCT results for one blastocyst showed
a 10% level of maternal contamination, and the contamina-
tion rate (0.67%, 1/150) was similar to that reported by Dong
et al. (0.83%) [24]. The aforementioned finding suggests that
maternal contamination should be carefully avoided in PGT
cycles. Residual cumulus cells on ZP should be completely
removed before biopsy, regardless of whether the embryos
are inseminated by cIVF or ICSI. Parental contamination
testing methods are required to obtain accurate PGT results.
The qPCT model used in this study is sensitive; however, the
requirement of parental genetic information limits its routine
clinical application. Single-cell whole-genome methylation
sequencing was recently developed to simultaneously assess
chromosomal ploidy and epigenomic status. Different DNA
methylation signatures of oocytes, sperm, and embryos can
help trace the cellular origins of biopsied samples and filter
out irrelevant data from parental contamination [34, 35].

To verify the cIVF-PGT-A results, we dissected 12
embryos classified as whole-chromosome aneuploids into
the ICM and TE. The CNV-seq results of the clinically biop-
sied samples were almost identical to those of ICM and TE.
This result is consistent with the observations of previous
studies that demonstrated the accuracy of ICSI-PGT-A using
TE biopsy for whole-chromosome aneuploidy detection [36,
37]. Additionally, we tracked prenatal diagnoses, cytoge-
netic results of abortion samples, and newborn sex in cIVF-
PGT-A cycles and found no misdiagnoses. These pieces of
evidence suggest that TE biopsy can accurately represent
blastocyst karyotype after cIVF insemination.

This study had some limitations. First, all WGA protocols
have limitations, such as amplification bias and error, and
we performed sperm WGA using limited samples. We can-
not rule out the possibility that in some specific situations,
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such as DNA damage, sperm can be amplified by Picoplex
and ChromlInst. Second, we retrospectively collected data
on pregnancy outcomes after frozen PGT; therefore, the dif-
ferences in fertilization and embryo development between
cIVF and ICSI could not be determined. Further research
is required to determine whether the patient population of
PGT-A will benefit from cIVF in terms of clinical outcomes.
Third, the inclusion of only 12 aneuploid blastocysts pro-
vided insufficient samples to validate the PGT-A results in
the cIVF cycles.

In conclusion, we conducted a systematic study to eval-
uate the feasibility of using cIVF for PGT-A. Our results
showed that under the WGA protocols of Picoplex and Chro-
mlnst, sperm failed to amplify, and the risk of parental con-
tamination in the cIVF-PGT-A cycles was low. After biopsy
in frozen cycles, the embryos derived from the cIVF and
ICSI groups exhibited similar pregnancy rates. Given that
cIVF incurs less handling of gametes, less laboratory labor
load, and lower cost than ICSI, we suggest that cIVF should
be the preferred insemination method for PGT-A cycles with
non-male factor infertility.
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