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Abstract

Background Preimplantation genetic testing for aneuploidy and for chromosomal structural rearrangement (PGT-
A/-SR) can improve clinical pregnancy rates and live birth rates, and shorten the time to pregnancy. The large-scale
statistics on their efficacy and accuracy across different centres, as well as the frequency of abnormalities for each
chromosome, will provide a valuable supplement to previous research.

Methods Patients who had PGT-A or -SR procedures at five reproductive centres from 2018 to 2022 were recruited
based on PGT-A/-SR indications. ChromlInst and next-generation sequencing (NGS)-based PGT technology were
utilised to detect copy number variations in embryos. Sequencing data metrics such as median absolute pairwise
difference (MAPD) and detection success rate were analysed to evaluate the robustness of Chromlnst. To assess
Chromlnst's accuracy, the chromosomal results from amniocentesis, abortions, and neonatal blood was as the gold
standard for negative PGT results; the fluorescence in situ hybridisation (FISH), which was performed on embryos that
identified as aneuploid through PGT was as the gold standard for positive PGT results. The frequency of abnormalities
in each chromosome was also explored in aneuploid embryos.

Results A total of 5,730 embryos were tested from 1,015 patients in the study, 391 of whom had PGT-A and
624 of whom had PGT-SR. 99.5% (5,699/5,730) of the embryos had an NGS sequencing MAPD value <0.25, and
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Background

In vitro fertilisation (IVF) implantation failure and mis-
carriages are frequently caused by embryonic aneuploidy
[1, 2]. Aneuploidy results from errors in gamete meiosis
or mitotic errors at different stages of embryonic devel-
opment [3-5]. The probability of gametogenesis abnor-
malities increases in populations with chromosomal
abnormalities, advanced maternal age, recurrent mis-
carriage/implantation failure, and sperm abnormalities,
leading to a higher rate of embryonic aneuploidy [6—
8]. Morphological grading is a method for selecting
embryos, but it does not reflect the embryos’ genetic
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99.3% (5,689/5,730) of the embryos achieved successful PGT-A/-SR detection. Compared with the gold standard,

the concordance of negative PGT-A/-SR results was 99.8% (506/507), and that of positive results was 99.8%
(1,123/1,125). The euploidy rate in the PGT-A population was 45.9% (981/2,135). The proportion of euploid + balanced
embryos was highest among couples with non-polymorphic inversions (44.6%, 152/341), followed by those with
Robertsonian translocations (39.0%, 293/752), and lowest among those with reciprocal translocations (22.5%,
483/2,143). Chromosomes 16, 22, and 15 had the highest frequency of autosomal trisomies among the embryos
from PGT-A patients, while chromosomes 16, 22, and 21 had the highest frequency of monosomies. High-frequency
chromosomes with de novo chromosomal abnormalities for trisomies and monosomies were similar in the PGT-SR

patients to those in the PGT-A patients.

Conclusions Chromlnst-based PGT-A/-SR could accommodate operational variations among different clinical
centres, ensuring accurate results through robust and stable detection performance. Prior to PGT-A/-SR, more
trustworthy data could be provided to support the genetic counselling.

Keywords Preimplantation genetic testing for aneuploidy (PGT-A), Preimplantation genetic testing for chromosomal
structural rearrangement (PGT-SR), Chromlnst, Robust, Accuracy

characteristics [9, 10]. Consequently, chromosomal
ploidy in embryos for advanced maternal age, recurrent
implantation failure, recurrent miscarriage, and severe
teratozoospermia is frequently detected clinically using
preimplantation genetic testing for aneuploidies (PGT-
A) [11, 12]. Preimplantation genetic testing for structural
rearrangements (PGT-SR) is used for couples where one
or both partners have chromosomal structural abnormal-
ities. These couples frequently have a high rate of natural
miscarriages and are prone to an uneven distribution of
genetic material during meiosis, which can result in chro-
mosomal abnormalities in embryos [13].

Next-generation sequencing (NGS)-based PGT-A/-
SR is a complex technical process that involves mul-
tiple steps, including embryo biopsy, sample lysis,
whole-genome  amplification, library preparation,
sequencing, and data analysis, to obtain the final results.
The embryo biopsy is performed in the embryology
laboratory by embryologists under a microscope. All
subsequent testing steps are carried out in the molecu-
lar testing laboratory by technicians using specific test
reagents and following specific operational requirements.
Variances in each of these steps can cause fluctuations
in the test results. In the real world, there are variations
among embryology labs in terms of the embryo culture
medium used, the manufacturers and characteristics
of embryo biopsy equipment, the individual habits and
proficiency of embryologists, and the liquid carryover
volumes during biopsy sample tubing. All of these vari-
ances pose challenges to achieving high-quality and
stable results in PGT-A [14]. Due to the critical and deli-
cate impact of embryo culture techniques and biopsy
procedures on the subsequent viability of embryos, an
embryology lab, once it has established its own stan-
dard operating procedures (SOPs), is usually unwilling to
make any alterations for giving in subsequent assays. This
requires the PGT-A/-SR protocol to have high robustness

to adapt to variances between laboratories and achieve
stable and accurate results. A PGT-A protocol called
ChromlInst was created in the study [15]. This method-
ology greatly streamlines the operational processes by
integrating NGS library preparation and single-cell whole
genome amplification (WGA) into the experimental pro-
cedure. In addition to lowering the likelihood of mistakes
and omissions, it also improves performance while cut-
ting down on operating time. However, comprehensive
evidence confirming its robustness across many centres
is still lacking.

Moreover, one of the main issues with the clinical use
of PGT in assisted reproduction is false-positives and
false-negatives [16, 17]. Viable embryos may be wasted
and patients may lose out on implantation opportuni-
ties as a result of a false positive PGT result. On the other
hand, transferring an embryo with a false negative result
may cause unsuccessful implantation, miscarriage, or
fetal developmental abnormalities. Zhai et al. conducted
NGS-based PGT-SR on embryos from patients with bal-
anced translocations. Amniocentesis was performed
on 15 patients who achieved ongoing pregnancies after
transferring euploid embryos, and karyotyping results
were 100% consistent with PGT-SR results [18]. Nev-
ertheless, the study had a small sample size and did not
compare the aneuploid results to the gold standard. A
larger sample size and extensive validation of PGT-A/-SR
results across several centres are therefore required, par-
ticularly for the validation of positive PGT-A/-SR results.

For patients undergoing PGT-A/-SR, the euploidy rate
of embryos and the frequency of aneuploidy for each
chromosome are critical metrics for assessing embryo
development and guiding informed decisions on embryo
transfer. Some studies have analysed chromosomal
abnormalities in chorionic villus sampling and sponta-
neous abortions [19, 20]. Ogur et al. analysed 300 cou-
ples with structural rearrangements and over 100,000
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chromosomal pairs, highlighting the significant impact
of rearrangement type, female age (=35 years), and car-
rier sex on transferable embryo rates. The study found
negligible evidence of inter chromosomal effect (ICE)
and minor differences in aneuploidy rates between car-
riers and controls [21]. These findings emphasize the
need for personalized genetic assessments for structural
rearrangement carriers and further large-scale research
to refine clinical applications. To evaluate both the value
of the genetic and clinical data and the validation of the
technique, this study was conducted. A total of 1,150
infertile couples who underwent PGT-A/-SR-assisted
reproduction at five reproductive centres between 2018
and 2022 were recruited. Patients who underwent sin-
gle euploid blastocyst transfers had their clinical results
monitored. The robustness of the ChromInst method was
evaluated using sequencing metrics, including median
absolute pairwise difference (MAPD) values were used
to evaluate the robustness of the ChromlInst technique.
Using the chromosomal findings of amniocentesis, abor-
tions, and neonatal blood as the negative gold standard
and the fluorescence in situ hybridisation (FISH) results
of embryo biopsy cells as the positive gold standard, the
accuracy of PGT-A/-SR results was confirmed. In order
to provide more precise data support for genetic counsel-
ling, we additionally examined the euploidy rate and the
prevalence of specific chromosomal abnormalities in the
PGT-A/-SR population.

Methods

Study design and patients

This was a large-scale, multicentre, real-world clinical
study. The patients were those who underwent PGT-A/
SR from 2018 to 2022 at five reproductive centres:
the First Affiliated Hospital of Zhengzhou University,
Women and Children’s Hospital of Chongqing Medi-
cal University, Guangdong Women and Children Hos-
pital, Northwest Women’s and Children’s Hospital, and
Tongji Hospital affiliated with Tongji Medical College of
Huazhong University of Science and Technology. Inclu-
sion criteria were female patients undergoing intracyto-
plasmic sperm injection (ICSI) with at least two usable
blastocysts in the first-time oocytes retrieval, and meet-
ing any of the following conditions:

1. Chromosomal structural rearrangement in either or
both partners;

2. Having a child with chromosomal abnormalities or
chromosomal abnormalities detected in chorionic
villus tissue following a miscarriage;

3. >3 failed in vitro fertilization-embryo transfer
(IVE-ET);

4. 22 spontaneous miscarriages;

5. Female aged > 38 years;
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6. Severe teratozoospermia.

Exclusion criteria included poor ovarian response; sys-
temic diseases that are clinically significant and unsuit-
able for pregnancy; simultaneous participation in other
clinical studies; and other conditions deemed unsuitable
for inclusion by the researchers. The study was approved
by the relevant committees at each participating centre
(No. Device-2018-05), and all patients signed informed
consent forms agreeing to participate in the study.

Depending on their indications, patients received
either PGT-A or PGT-SR. The sequencing data was used
to analyse the ChromlInst’s robustness. The results from
amniocentesis, neonatal blood samples, or abortions,
using these as the gold standard for negative PGT results,
were gathered. For aneuploidy embryos with PGT results,
FISH testing was used as the gold standard. Furthermore,
the euploidy rate of embryos was calculated, and statisti-
cal analysis was performed on the high-frequency abnor-
mal chromosomes in aneuploid embryos.

ART treatments

Oocyte retrieval must be performed 36 h (+2) post-hCG
administration. Under intravenous anesthesia, oocytes
were collected using a 17G aspiration needle guided by
transvaginal ultrasound. Post-retrieval, cumulus-oocyte
complexes were meticulously identified under a stereo-
microscope. The cumulus-oocyte complexes were then
collected and washed using a Pasteur pipette and trans-
ferred into culture medium. They were incubated at 37 °C
in a 5% or 6% CO, incubator until fertilization.

ICSI would be performed as previously described.
Briefly, after the cumulus-oocyte complexes were
digested with hyaluronidase, the denuded oocytes were
assessed for integrity and maturity. Only oocytes that
were at the metaphase II stage and had extruded the first
polar body were selected for ICSI.

Using the Gardner grading system, embryos were mor-
phologically evaluated on days 5-6 of in vitro culture
[22]. A usable blastocyst from approximately 3—5 TE cells
spaced apart from the inner cell mass was used for the
trophectoderm (TE) biopsy. The biopsy sample was sub-
sequently subjected to genetic testing. After a TE biopsy,
the blastocysts underwent vitrification.

Whole genome amplification, library preparation, and
sequencing

For the collected cells, WGA and library preparation
were performed using the ChromlInst™ (Xukang Medi-
cal Technology (Suzhou) Co., Ltd) library kit according
to the manufacturer’s instructions [23]. The principle
of whole genome amplification is based on the multiple
annealing and looping-based amplification cycles (MAL-
BAC) method. Briefly, biopsy cells were lysed, and DNA
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was annealed with a library of random primers. After
pre-amplification, exponential amplification was carried
out until 2 pug of DNA was obtained. The amplified prod-
uct was then used for library preparation with a library
construction kit. Quality control of the NGS library was
performed using Qubit 3.0 and 1.5% agarose gel electro-
phoresis. Sequencing was conducted on the Ion Torrent
platform (Thermo Fisher Scientific, Waltham, MA, USA),
yielding approximately 2 million reads per library.

Copy number variation (CNV) analysis and MAPD value
calculation

CNV analysis and visualization were performed using R
packages ‘DNACopy. High-quality reads were counted in
bins of 400 K across the entire genome. These reads were
normalized using GC content and a reference dataset.
The circular binary segmentation (CBS) algorithm was
used to detect CNV segments. Sequencing data that met
quality control QC standards and output CNV results
were considered successful for PGT-A/-SR detection. The
size of segmental aneuploidies was > 10 Mb.

MAPD =median (| X;,; — Xj|, i ordered by genomic
position) was used to calculate the MAPD value of each
sample in this study. The MAPD value represented the
height difference between two adjacent bins. The smaller
the value, the better the uniformity of the scatter plot,
and vice versa.

FISH validation

TE cells from each blastocyst underwent fixation using
hypotonic medium (1% sodium citrate in 6 mg/ml bovine
serum albumin) [24]. Briefly, the isolated TE cells were
placed into droplets of pre-warmed hypotonic medium
with incubation time adjusted based on the degree of cell
swelling. The swollen cells were then transferred onto a
marked area of a coated slide and fixed with a methanol/
acetic acid (3:1) solution. Finally, the slides were air-dried
at room temperature [24, 25].

Following denaturation at 75 °C, the slides were incu-
bated in a humidified chamber at 37 °C for 16-18 h.
After hybridisation, they were carefully washed, coun-
terstained, and finally observed under a fluorescence
microscope. For each embryo, FISH analysis targeted the
abnormal chromosomes identified by PGT-A/-SR, along
with chromosomes 13, 16, 18, 21, X, and Y (Vysis, Abbott
Molecular). Additional details of the FISH procedure can
be found elsewhere [26].

For each embryo, the target chromosomes for detec-
tion are the abnormal chromosomes identified by PGT-
A, as well as chromosomes 13, 16, 18, 21, X, and Y.

Clinical outcomes
The primary clinical outcome was the cumulative live
birth rate. A live birth was defined as the delivery of a
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live infant at a gestational age of more than 28 weeks. The
cumulative live birth rate was calculated as the number
of cycles resulting in live births divided by the number
of oocyte retrieval cycles, including all transfer results
within one year post-oocyte retrieval [27].

Statistical analyses

Statistical analyses were performed using SPSS, version
25.0 (SPSS, Chicago, Illinois, USA). Initially, the nor-
mality of the data distribution was assessed. Normally
distributed data were presented as mean and standard
deviation, while non-normally distributed data were pre-
sented as median (Q1-Q3). Categorical variables were
expressed as frequencies or percentages. The results of
PGT-A/-SR were compared with the results of amnio-
centesis, newborn peripheral blood, or the FISH, which
served as the gold standard. Sensitivity, specificity, posi-
tive predictive value (PPV), negative predictive value
(NPV), and concordance rate were calculated, with 95%
confidence intervals estimated using the Wilson score
method.

Results

A total of 1,150 patients were enrolled in compliance
with the PGT indications. A final cohort of 1,015 patients
was obtained after 135 patients were excluded for not
meeting the inclusion criteria. 5,730 blastocysts in all
underwent PGT-A or PGT-SR (Fig. 1).

Robustness validation of Chrominst

There were differences in embryo culture protocols and
biopsy methods across different centres (Supplementary
Table 1), and these differences may affect the efficiency of
whole-genome amplification. The MAPD is a key indica-
tor for assessing the quality of single-cell CNV and PGT-
A/-SR. Osman and Scott et al. recommended an MAPD
value of <0.25 as an acceptable standard for detection
quality [28].

To ensure quality control of the test results, each cen-
tre performed parallel operations using negative (euploid
cells) and positive (trisomy 21 cells) control samples
alongside each batch of clinical samples. A total of 534
reference samples were tested across five centres, with
each centre testing 178, 126, 98, 52, and 80 reference
samples, respectively (Table 1). The negative and positive
reference samples were uniformly prepared in vitro cul-
tured cell line samples, each containing three cells.

First, the sequencing data of the reference samples were
analysed. The MAPD values for both negative and posi-
tive reference samples were all <0.25, indicating that the
sample testing processes at all centres met the required
standards (Table 1). The MAPD values for all 5,730
embryo samples from patients were then analysed. 99.5%
(5,699/5,730) of the embryos had MAPD values<0.25,
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1150 women were assessed
for eligibility
135 Were ineligible
91 had no blastocysts (7.9%)
38 had only one blastocyst (3.3%)
6 Withdrew consent
1015 patients were included
391 were in the PGT-A group;
624 were in the PGT-SR group
5730 embryos underwent
PGT-A testing
Robustness Accuracy CNV
Analysis Analysis Analysis
— 1 ' 1 l
Analysis of median Detection Validation of euploid Validation of Detectlog success rate
.. K .. . . and euploidy rate PGT-
absolute pairwise success rate embryos: amniotic aueuploid embryos:
. . e A and PGT-SR
difference values fluid results and fluorescence in situ
neonatal blood results hybridization (FISH) }
l Chromosomal analysis
l l of aneuploid embryos
I
Amniotic fluid Results of Embryos were i ¥
results and neonatal abortion detected by Aneuploid embryos Aneuploid embryos
blood results: n=458 samples: n=49 FISH: n=1125 in PGT-A group in PGT-SR group

Fig. 1 Study flowchart. A total of 1,150 patients were assessed, of whom 1,015 met the inclusion criteria. Among these, 391 patients underwent PGT-A
and 624 patients underwent PGT-SR. PGT-A: Preimplantation genetic testing for aneuploidy; PGT-SR: preimplantation genetic testing for structural rear-
rangements; CNV: copy number variation; FISH: fluorescence in situ hybridisation

Table 1 MAPD value and detection success rate from each centre

Centre Samples Number MAPD <0.25 Detection success rate
Number Rate Number Rate
1 Embryo biopsy 2219 2207 99.5% 2206 99.4%
NC and PC* 178 178 100.0% 178 100.0%
2 Embryo biopsy 1321 1319 99.8% 1318 99.8%
NCand PC 126 126 100.0% 126 100.0%
3 Embryo biopsy 986 978 99.2% 975 98.9%
NCand PC 98 98 100.0% 98 100.0%
4 Embryo biopsy 562 561 99.8% 558 99.3%
NC and PC 52 52 100.0% 52 100.0%
5 Embryo biopsy 642 634 98.8% 632 98.4%
NCand PC 80 80 100.0% 80 100.0%
Total Embryo biopsy 5730 5699 99.5% 5689 99.3%
NC and PC 534 534 100.0% 534 100.0%

*NC: Negative control samples. Each sample contained three euploid cells. PC: Positive control samples. Each sample contained three trisomy 21 cells

according to the results, and at least 98.8% of the
embryos in each of the five centres had a MAPD <0.25.
The 31 samples with MAPD>0.25 were evenly distrib-
uted across the five centres. All embryos had a 99.3%
(5689/5730) PGT-A/-SR detection success rate, with the
lowest centre reaching 98.4% (632/642).

Accuracy validation of PGT-A/-SR

To assess the accuracy of PGT-A/-SR in detecting CNVs
in actual clinical practice, we collected the results of
amniocentesis, neonatal blood, and abortions from
patients who underwent single euploid blastocyst trans-
fers. A total of 525 transfer cycles achieved ongoing
pregnancies, with 458 transfer cycles with collected
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amniocentesis and neonatal blood results. The remain-
ing 67 patients either declined amniocentesis detection,
neonatal peripheral blood testing, or refused follow-up.
The consistency with PGT-A negative results was 99.8%
(457/458). One embryo had a discrepancy between the
amniocentesis result and the PGT result; the karyo-
type of the amniotic fluid showed trisomy 21, while the
PGT-A result indicated euploidy. In order to detect the
patient’s chromosomal copy number, 60 samples were
taken from various places on the placenta during the
abortions. Forty-six samples had 20-30% mosaicism for
chromosome 21, seven samples had no abnormalities in
chromosome 21, five samples were suspected of mater-
nal contamination during collection, and two samples
failed quality control (Supplementary Table 2). This indi-
cated that the trophectoderm cells of the embryo had
low-level mosaicism, leading to a false negative result. 49
abortion samples were examined; none of them showed
any abnormalities, hence the results were 100% consis-
tent with negative PGT-A/-SR results (49/49). Using the
results of 507 amniocentesis, newborn blood, and abor-
tions as the gold standard, the overall consistency with
PGT-A negative results was 99.8% (506/507).

Of the 3,609 embryos with PGT-A/-SR results indi-
cating aneuploidy, 1,125 underwent the gold standard
FISH testing. Chromosomes identified as aneuploid by
PGT-A/-SR and high-risk chromosomes (chromosomes
13, 16, 18, 21, X, and Y) were analysed. A total of 4787
chromosomes were successfully detected by FISH. The
data showed that 1,123 embryos (99.8%, 1,123/1,125)
had FISH results consistent with the positive PGT-A/SR
results. The PGT results of two embryos showed chro-
mosomal abnormalities, while the FISH results indicated
a diploid status (Supplementary Table 3).

Using 507 amniocentesis, neonatal blood, and miscar-
riage product results as the negative gold standard, and
1,125 embryo FISH results as the positive gold standard,
PGT-A/-SR’s specificity, sensitivity, negative predictive
value, and positive predictive value were 99.6%, 99.9%,
99.8% and 99.8%, respectively (Table 2).

CNV analysis of embryos for PGT-A and PGT-SR

For 5,730 blastocysts from 1,015 couples, PGT-A/-SR
was successfully performed on 5,689 embryos, result-
ing in a detection success rate of 99.3% (5,689/5,730).
The euploidy rate was 36.6% (2,080/5,689). Considering
that the cohort included both patients with normal and

Table 2 The performance of PGT-A/-SR

Performance of PGT-A/-SR value 95% Cl

Sensitivity (TP/(TP+FN)) 99.99%(1123/1124) 99.5-100
Specificity (TN/(TN +FP)) 99.6%(506/508) 98.6-99.9
Negative predictive value (TN/(TN+FN)) 99.8%(506/507) 98.9-100
Positive predictive value (TP/(TP +FP)) 99.8%(1123/1125) 99.4-100
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abnormal karyotypes, the euploidy rates for embryos
from these two groups differed, and thus, the results were
analysed separately.

2,150 embryos from 391 couples with normal karyo-
types were evaluated; the detection success rate was
99.3% (2,135/2,150) and the euploidy rate was 45.9%
(981/2,135). 3,580 embryos from 624 couples with abnor-
mal karyotypes were analysed; the detection success rate
was 99.3% (3,554/3,580) and the euploid + balanced rate
was 30.9% (1,099/3,554) (Supplementary Table 4).

Stratified analysis of euploidy rates based on differ-
ent morphological grades and embryonic days showed
a decreasing trend in euploid +balanced rates from
good (AA, AB, BA) to fair (BB) to poor (BC, CB, AC,
CA, CC) embryos (PGT-A group: 53.0% vs. 47.8% vs.
40.0%, p=0.001; PGT-SR group: 38.3% vs. 31.7% vs.
28.6%, p=0.001). Good and fair embryos had higher
euploid + balanced rates than poor embryos, and Day 5
blastocysts had higher euploidy rates than Day 6 blasto-
cysts (PGT-A group: 47.7% vs. 41.8%, p=0.013; PGT-SR
group: 32.6% vs. 27.4%, p=0.002) (Supplementary Table
5).

A total of 1,154 aneuploid embryos were produced
from 391 couples with normal karyotypes. There were
580 autosomal monosomies and trisomies in all. Chro-
mosomes 16, 22, 15, 13, and 21 were the most common
autosomal trisomies, in decreasing order. Chromosomes
16, 22, 21, 15, and 18 had the highest frequency of auto-
somal monosomies, in decreasing order (Fig. 2). There
were 2 embryos with X trisomy abnormalities and 21
embryos with X monosomy abnormalities.

74 couples with complex structural rearrangements or
sex chromosome abnormalities, including mosaicism,
structural abnormalities, and numerical abnormali-
ties, were excluded from the 624 couples with abnormal
karyotypes. Of the remaining couples, 384 had reciprocal
translocations (RecTs), 117 had Robertsonian transloca-
tions (RobTs), and 49 had non-polymorphic inversions.
The number of embryos successfully tested in RecTs,
RobTs and non-polymorphic inversions carriers was
2,143, 752, and 341, respectively. There were 483, 293,
and 152 euploid + balanced embryos and 1,660, 459, and
189 aneuploid embryos, respectively. The euploid + bal-
anced rate was highest among couples with non-poly-
morphic inversions (44.6%, 152/341), followed by those
with RobTs (39.0%, 293/752), and lowest among those
with RecTs (22.5%, 483/2,143). The aneuploid embryos
were categorised based on the origin of the chromo-
somal abnormalities into four groups: euploid + balanced,
unbalanced, unbalanced+de novo aneuploid, de novo
aneuploid and chaotic [21]. Among inversion carriers,
the proportion of embryos with de novo chromosomal
abnormalities was the highest (34.0%), followed by RobT
carriers (29.4%) and RecT carriers (18.2%) (Fig. 3).
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Fig. 3 Proportion of (a) euploid + balanced, (b) unbalanced (unbalanced for SR but euploid for other non-rearranged chromosomes), (c) unbalanced +de
novo aneuploid, (d) de novo aneuploid (diagnosed as aneuploid but balanced for the SR) and (e) chaotic (with more than five abnormalities). embryos in
subgroups. RECT: Reciprocal Translocation Carriers. ROBT: Robertsonian Translocation Carriers. INV: Inversion Carriers

According to the CNV study of de novo abnormal
(including chaotic) embryos of those couples, the most
prevalent autosomal trisomies were, in decreasing order,
chromosomes 16, 22, 15, 13, and 6. Autosomal mono-
somies were most common on chromosomes 16, 22, 21,
15, and 13 (Supplementary Fig. 1). The top four trisomies

and monosomies in abnormal embryos identified by
PGT-A were consistent with these results.

Clinical outcomes

Among the 1,015 couples, a total of 743 patients under-
went 936 single blastocyst transfers. In the PGT-A
group, there were 300 patients with a mean female age
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of 33.1+4.0 years, and a total of 390 transfer cycles were
performed. In the PGT-SR group, there were 443 patients
with a mean female age of 29.4 3.6 years, and a total of
546 transfer cycles were performed. The cumulative live
birth rate was 66.0% (198/300) in the PGT-A group and
69.1% (306/443) in the PGT-SR group (Supplementary
Table 6). The PGT-A and PGT-SR groups showed differ-
ences in female age, previous spontaneous miscarriages,
previous failed transfer cycles, whether there were any
abnormalities in previous pregnancies or miscarriages,
and euploid + balanced rate. However, there were no
significant differences in live birth rate for first transfer
(p=0.070) and cumulative live birth rate (p =0.379) (Sup-
plementary Table 6).

Discussion

This was a large-scale, multicentre, real-world clini-
cal study focusing on the populations with indications
for PGT-A and PGT-SR. Firstly, the robustness of the
ChromlInst technology by analysing the MAPD values
from embryo sequencing results across five reproduc-
tive centres were validated. Compared to traditional in
vitro diagnostics testing, the workflow for PGT-A/-SR
testing was significantly more complex, involving steps
such as embryo culture, biopsy, whole-genome ampli-
fication, NGS sequencing, and result analysis. Biopsy
samples from various reproductive centres may differ sig-
nificantly because there are no established standards for
these techniques. Osman and Scott et al. recommended
a MAPD value of <0.25 as a quality control standard.
99.5% (5,699/5,730) of the 5,730 embryos had MAPD val-
ues<0.25, and the distribution of MAPD values among
the samples from the five centres was highly similar.
The five centres’ embryo detection success rates, which
ranged from 98.4 to 99.8%, were similar. These indicated
that the ChromInst may mitigate the variances in embryo
samples brought about by variations in sampling and
culture procedures, ensuring the stability and reliability
of the sequencing results. PGT-A and PGT-SR based on
the Chromlnst protocol were well-suited for different
centres.

Recent studies have shown that PGT-A based on
whole-genome amplification using the MDA method
may misdiagnose 17% of euploid embryos as aneuploid
or with a high degree of mosaicism (>50%) [29]. In this
study, 1,125 embryos diagnosed as aneuploid by PGT-
A/-SR were subjected to FISH, the gold standard for vali-
dation. Using FISH results as the positive gold standard,
the concordance rate of positive PGT-A/-SR results was
99.8% (1,123/1,125), suggesting the ChromInst technique
has excellent accuracy and low false-positive rates for
PGT-A/-SR. In addition to false positives, false negatives
should also be considered, embryos with false-negative
results can lead to implantation failure, miscarriage, or
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fetal developmental abnormalities. To verify the accu-
racy of negative PGT-A/-SR results, we used CNV results
from 507 cases of prenatal diagnosis, neonatal blood, and
abortions as the negative gold standard. The concordance
rate for negative PGT-A/-SR results was 99.8% (506/507).
For 49 patients with miscarriages where the aborted
embryos were euploid + balanced, the reason may be
attributed to parental age, hormonal, immunological,
and environmental factors [30—32]. There was one case
of a false-negative result; however, a further analysis of
samples taken from various parts of the miscarriage tis-
sue showed that the TE cells had less than 30% low-level
mosaicism. Popovic et al. conducted PGT-A testing on
the inner cell mass (ICM) and trophectoderm (TE) cells
of 34 donated embryos. Of the 18 embryos with euploid
TE results in the first test, 16 had euploid ICM, while
one showed mosaicism and another showed segmental
abnormalities [33]. Due to the presence of mosaicism
in embryos, PGT-A/-SR results may not always reflect
the ICM status. However, based on large-scale clini-
cal amniocentesis and miscarriage sample results, the
discordance rate was only 0.2% (1/507). The validation
of PGT-A/-SR results with such a large sample size is a
highlight of our study.

Additionally, for individuals undergoing PGT-A and
PGT-SR, the euploidy rate of embryos and the chromo-
somes with high abnormality rates are critical metrics. In
our analysis of chromosomal abnormalities in embryos
from the PGT-A cohort, the chromosomes most fre-
quently associated with trisomy arel6, 22, 15, 13, and 21,
while those most frequently associated with monosomy
are 16, 22, 21, 15, and 18. Monosomy X also has a rela-
tively high frequency. Previous studies have reported that
trisomy 16 and 22 are most frequent in trophoblast cells
[19, 20]. In our study, trisomies of chromosomes 15, 13
and 21 were also found to be highly prevalent, in addition
to the chromosomes 22 and 16. Zhang et al. conducted
chromosomal analysis on 1,903 miscarriage samples and
found high abnormality rates in chromosomes 16, 22,
21, X/Y, 13, and 15, with chromosomes 16, 22, 21, 15,
and 13 being the top five in trisomic embryos [34]. This
is consistent with the highly prevalent trisomic chromo-
somes observed in embryos. In the PGT-SR cohort, the
proportion of embryos with unbalanced chromosomal
constitutions was lowest for inversion carriers, followed
by Robertsonian translocation carriers, and highest for
reciprocal translocation carriers (47.8% vs. 54.2% vs.
69.2%) (Fig. 3). This aligns with previous studies [35, 36].
Although there might be differences due to maternal age,
such that, Ogur et al. found transferable embryo rates
of 35.8%, 33.2%, and 19.4% for inversion, Robertsonian,
and reciprocal translocation carriers, respectively, which
were lower than the rates reported in this study (44.6%,
39.0%, 22.5%) possibly due to difference in maternal age
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between cohorts [21]. Clinical genetic counselling for
PGT-A/-SR patients benefited greatly from these useful
findings.

In this study, the euploidy rate of embryos in the
PGT-A group was 45.9% (981/2135), while in the PGT-
SR group, it was 30.9% (1099/3554). Other studies have
reported similar results, with euploidy rates ranging from
33.6 to 44.8% for PGT-A [37-39], and from 24.4 to 26.7%
for PGT-SR cohorts [13, 40]. For these populations with
high rates of aneuploid embryos, PGT-A/-SR can pro-
vide significant benefits by improving the success rate
of each embryo transfer [41]. In a recent large-scale ret-
rospective cohort study, the live birth rate in the PGT-A
group, which included patients with indications such as
advanced maternal age, recurrent miscarriage, fetal mal-
formations or chromosomal abnormalities, and severe
male factor infertility, was significantly higher than in the
matched control group (52.6% vs. 34.2%) [42]. However,
for non-indicated populations, such as younger women
with a good prognosis, where the euploidy rate can be
as high as 69.8%, PGT-A did not improve the live birth
rate per transfer cycle, particularly the cumulative live
birth rate [27]. For couples with chromosomal rearrange-
ments, studies have reported a cumulative live birth rate
of 55.8% [21]. In our study, the cumulative live birth rate
in the PGT-SR group was 69.1% (306/443). The higher
live birth rate may be associated with the younger age of
the female partners in this cohort.

The study has several limitations. First, for patients
with miscarriages where the abortions were normal,
the cause of miscarriage could not be followed. Second,
the technique cannot distinguish normal from balanced
embryos, polyploidy, and contamination. This may lead
to false-negative results in embryo testing. Third, we did
not compare whole genome-amplified products across
different platforms. The study results are applicable only
to the ChromlInst technology based on the MALBAC
method.

Conclusions

In conclusion, the study demonstrated that ChromInst-
based PGT-A/-SR provided stable and accurate detection
of embryonic CNVs, regardless of operational differences
between clinical centres. For patients indicated for PGT-
A/-SR, the ChromInst method can be clinically adopted
for detecting embryonic chromosomal aneuploidy. The
study also provided reliable data for genetic counsel-
ing prior to PGT-A/-SR by analysing the euploid + bal-
anced rate and the frequency of aneuploidy in each
chromosome.
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