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NONINVASIVE PREIMPLANTATION GENETIC TESTING FOR ANEUPLOIDY
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To date the world community is actively working to optimize the approaches to determining chromosomal abnormalities in embryos. The study was aimed to
assess the possibility of using noninvasive preimplantation genetic testing for aneuploidy (niPGT-A) through analysis of cell-free DNA in spent culture medium
(SCM). We conducted niPGT-A of aneuploid embryos by analysis of cell-free DNA in SCM. All blastocysts were considered to be aneuploid based on the results
of previous preimplantation genetic testing for aneuploidy (PGT-A) with trophectoderm (TE) biopsy. The study involved 11 embryos from seven couples. All the
embryos were warmed and individually cultured in the 10 pL drops for 9 h. All SCM was collected and analyzed by niPGT-A. The results obtained were tested for
concordance with previous PGT-A data. A total of 12 SCM samples were assessed: 11 samples, in which the embryos were cultured, and one control sample.
Chaotic niPGT-A results not allowing the karyotype diagnosis were obtained in one case (9.1%) out of 11. Full concordance of the PGT-A and niPGT-A results was
revealed in seven cases out of 10 (70%), while clinical concordance was found in nine cases out of 10 (90%). In one case (10%), the blastocyst was considered to
have euploid karyotype based on the niPGT-A data. It has been concluded that niPGT-A can be a promising method of preimplantation embryonal chromosomal
status diagnosis that requires no biopsy.
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HEMHBA3VNBHOE NMPEMMMNNAHTALUMOHHOE N/EEHETUMECKOE TECTUPOBAHUE HA AHEYTITJ1IOUOUN
O. V. NucunupiHa™, A, H. Ekumos, E. E. AtanunHa, A. T. Cbipkaluesa, E. I TopsinHosa, H. M. Makaposa, . FO. Tpodumos, H. B. onrywmnHa

HaumoHanbHbIn MeoVLMHCKNA MCCnefoBaTeNbCKUM LIEHTP akyLLIepCTBa, MMHEKONornn 1 nepuHatonorim nmenn B. . Kynakosa, Mocksa, Poccust

B HacTosLee Bpema B M1pe MAET akTvBHasA pabota no ONTUMU3aLMy NMPUMEHEHNSI MOAXOAO0B K OMPEAENEHNIO XPOMOCOMHOM NaTonornn aMopuroHos. Lienbto
1ccnefoBaHmnst Obl10 OLEHUTb BO3MOXXHOCTb MCMOMb30BaHNS HEMHBA3VMBHOIO MPEUMMIaHTaLWMOHHOIO reHETUHECKOrO TECTUPOBAHMIS Ha aHeynnonamn (HUMrT-A)
nyTem aHanm3aa BHeknetouHor [HK B oTpaboTaHHom KynbTypansHoi cpefe (OKC). MNposeaeHo HUMTT-A aHeynnonaHbIx aMOPYIOHOB MyTemM aHan3a BHEKNETOYHO
[OHK B OKC. Bce bnactoumcTbl 6binn aHeynionaHbIMI NO pesynsratam NPeaLecTBYOLEro NpenMniaHTauMoHHOro FeHETUHECKOrO TECTUPOBaHNSA Ha aHeyniovuaum
(MrT-A) ¢ 6ruoncueit TpodakToaepmbl (TOI). B nccneposaHve 6bi10 BKIYEHO 11 aMOPNOHOB OT Cemm Cynpy>Xecknx nap. Bce aMOproHbl pa3Mopavkmsani u
KynbTVBMpOBany B kannsx no 10 Mk B TedeHre 9 4. Becb 06bem OKC cobupani 1 aHanmnanposav nytem HUMTT-A. MonyyeHHble pedynTaThl CpaBHUBaIN Ha
COOTBETCTBME C MpeaLlecTByOLMMM AaHHbIMK 1Mo I T-A. CymMapHO BbINonHWM aHanmnd 12 obpasuoB OKC: 11 06pasuoB, B KOTOPbIX Obln KyNsTUBMPOBaHbI
3MOPUOHBI, 1 OAMH KOHTPOSBHLIA 0bpadeL. B ogHom cnydae (9,1%) 13 11 6binn nonyyeHbl XaoTUYHble pe3ynbTaTbl N0 AaHHbIM HUMTT-A, He No3BonstoLLME
NPOBECTU AMArHOCTUKY COCTOSIHUS KapuoTuna. [onHoe cooTBeTcTBUE pedynstatoB [T T-A 1 HUMTT-A nonyyveHo B cemu cnydasx n3 10 (70%), kKnnHU4eckoe
COOTBETCTBUE Pe3ynsTatoB — B AeBATN cnydasx 13 10 (90%). B ogHom cny4ae (10%) no aaHHbiM HUMTT-A kKaproTvn 6nacToumcTbl Obil AUArHOCTUPOBAH Kak
3ynnovaHbIin. BeiBog: HAMTT-A MOXET ObiTb NEPCNEKTUBHBLIM, He TPEOYHOLLIIM OVOMNCHI, METOLOM AMAarHOCTUKM XPOMOCOMHOMO cTaTyca npenMiaHTaLmoHHbIX
3MOPUOHOB.
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cpena, OKC, 6roncust TpodakToaepMbl, aHeyrnionans, BHekneTo4Has JHK
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Preimplantation genetic testing (PGT) was introduced into
clinical practice in the late 1980s (it was previously referred to
as preimplantation genetic diagnosis (PGD) or preimplantation
genetic screening). The first PGD programs were aimed to
avoid the X-linked inheritance. The range of detecting possible
genetic disorders expanded significantly with subsequent
development of the embryological and laboratory phase
technologies, and the new goals of the methods were both
preventing genetic disorders and improving the chances
of giving birth to a healthy child in difficult categories of the
assisted reproductive technology (ART) patients [1].

Currently, preimplantation genetic testing for aneuploidy
(PGT-A) by next generation sequencing (NGS) with
trophectoderm (TE) biopsy has become the most effective
method that is more and more widely used with the development
of the capabilities of embryological and genetic laboratories.
Numerous studies demonstrate high sensitivity and specificity
of this approach, however, the need for invasive interventions
still represents one of its drawbacks [1, 2].

Embryonic mosaicism and concordance between the
embryo’s TE chromosomal pattern and its inner cell mass (ICM)
are the other issues that attract the researchers’ attention [3, 4].
Despite the fact that biopsy of several cells makes it possible
to partially overcome the above shortage, it is impossible to
completely eliminate the risk of rejection of the embryo, the
transfer of which into the uterine cavity can result in giving birth
to a healthy baby.

Noninvasive analysis of cell-free DNA in spent culture
medium (SCM), in which the embryo has developed, is a
new promising PGT-A technology. Certain conditions of the
embryo culture and medium sample collection are required to
obtain adequate results (to increase the DNA concentration
and reduce possible contamination), however, no invasive
intervention is needed [5-7]. A number of researchers believe
that noninvasive preimplantation genetic testing for aneuploidy
(NiPGT-A) is a more helpful PGT-A method, particularly because
of the fact that, according to the literature, cell-free DNA
contained in SCM originates not only from the TE cells, but also
from the ICM [8, 9]. Other authors, on the contrary, argue that it
is unrepresentative, since the issue of the true origin of cell-free
DNA contained in SCM is yet to be resolved [10, 11]. Anyway,
this approach is extensively studied by the researchers and can
probably be used in clinical practice.

The study was aimed to assess the efficiency of niPGT-A.
For that we conducted re-analysis of blastocysts, that were
considered to be aneuploid based on PGT-A with TE biopsy,
by niPGT-A.

METHODS

Embryological phase was implemented at the B.V. Leonov
Department of Assisted Technologies in Infertility Treatment;
PGT-A and niPGT-A were performed in the Institute of
Reproductive Genetics.

The study involved 11 embryos from seven couples.
All blastocysts were considered to be aneuploid based on
previous PGT-A with TE biopsy. The embryos were obtained
in ART cycles with PGT-A by NGS in Apri-September 2020.

Embryo culture, TE biopsy and PGT-A
Fertilization of oocytes was performed by intracytoplasmic
sperm injection (ICSI), after that the fertilized cells were

transferred to the Continuous Single Culture Complete (CSCM)
medium (IrvineScientific; USA). All embryo culture steps and
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morphological assessment of blastocysts were performed in
accordance with the previously reported method [12]. On day
5-6 after fertilization, TE cell biopsy was performed in embryos,
the quality of which was considered to be excellent or good
according to morphological criteria. Borosilicate glass needles
were used for biopsy. After biopsy the embryos were subjected
to cryopreservation by vitrification in accordance with the
instructions of the culture media manufacturer. The cells
obtained were transported to the laboratory in the Eppendorf
tubes containing the lysis buffer and stored at a temperature
of =20 °C until subjected to further analysis. PGT-A was
performed by next generation sequencing (NGS) using the
lllumina platform (llumina; USA) in accordance with the
manufacturer's protocol. The results obtained were processed
using the SeqgVario software (DNA-Technology; Russia).

Embryo thawing and culture, spent culture medium
collection

The donated embryos were thawed in the Kitazato media
(Kitazato; Japan) in accordance with the manufacturer's
protocol. After that blastocysts were individually cultured in
10 pL microdroplets of the CSCM medium for 9 h. A drop of the
culture medium (1 sample) kept in the same culture conditions,
but containing no embryo, was used as a negative control. All
spent culture medium was collected in the Eppendorf tubes
and transferred to the laboratory, where the tubes were stored
at a temperature of —20 °C for 14 days until used for further
analysis.

Noninvasive preimplantation genetic testing
for aneuploidy

NiPGT-A was performed using the NICSInst kits (Yicon
Genomics; China) in accordance with the manufacturer's
instructions. The next generation sequencing was carried
out in the NextSeq unit (lllumina; USA). The results obtained
were analyzed using the original algorithms and software tools
developed by the Center for PGT-A by SeqgVario NGS.

Analysis of the results

Statistical analysis was performed using the Jamovi software
package (freely distributed statistical software package). The
results obtained were tested for concordance with the earlier
reported PGT-A data. The full chromosome ploidy concordance
rate (based on the PGT-A and niPGT-A data) was considered
to be a primary endpoint of the study. The diagnostic
concordance rate (euploid/aneuploid) of the embryos based on
the PGT-A and niPGT-A data was a secondary endpoint. Binary
categorical data were specified as absolute numbers N and the
percentage of the total value for group P in the N format (P%).
Binomial test was used to determine statistical significance of
full and clinical concordance of the results. The significance
level (p) was set at 0.05.

RESULTS

A total of 12 SCM samples were analyzed: 11 samples, in
which the embryos were cultures, and one control sample. All
samples of the study group successfully went through whole-
genome amplification and analysis by NGS. No DNA was
detected in the control sample. The PGT-A and niPGT-A results
along with the concordance of these results for the studied
embryos are provided in Table 1.
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Table 1. Results of the studied embryos’ PGT-A and niPGT-A

Ne PGT-A results niPGT-A results Full concordance (+/-) Diagnostic concordance (+/-) Sex concordance
(11)x3 (11)x3
! Sex — XX Sex — XX * + +
(20)x3, (21)x1 (20)x3, (21)x1
i Sex - XX Sex - XX + + +
(17)x1, (22)x1 (17)x1, (22)x1
3 Sex — XY Sex - XY + + *
4 (8)x3, (21)x1 “heteroploid”
(22)x3 (22)x3
5 Sex - XY Sex - XY * * +
6 (8)x1, (18)x3, (22)x1 (8)x1, (18)x3, (22)x1 N . .
Sex - XX Sex - XX
(15)x3, (17)x3 (15)x3, (17)x3
7 Sex — XY Sex — XY * * *
21)x3 (15)x1,(21)x3 ~
8 Sex - XY Sex - XY + +
9 (22)x3 Del 5(p) ~ . ]
Sex - XY Sex - XX
(21)x2,5 ~ ~
10 Sex - XY N, XY +
(16)x3 (16)x3
" Sex - XY Sex - XY * * +

It is noteworthy that chaotic niPGT-A results not allowing
the karyotype diagnosis were obtained in one case (9.1%) out
of 11 (Fig. 1).

We failed to detect aneuploidy in an embryo based on the
niPGT-A data in one case out of 10 (10%) due to high noise
level, that is why the result was considered to be “euploid” (Fig. 2).

Full concordance of the results was obtained in seven
cases out of 10 (70%) (Fig. 3). Concordance of the results
based on sex chromosomes was determined in nine cases out
of 10 (90%). Clinical concordance of the results was found in
nine cases out of 10 (90%).

Comparison of full and clinical concordance between the
PGT-A and niPGT-A results is provided in Table 2. Binomial test
revealed no significant differences in the rate of full concordance
between the PGT-A and niPGT-A results (o = 0.344), however, a
significant result was obtained for diagnostic concordance
between the PGT-A and niPGT-A data (p = 0.021).

When assessing the results in accordance with the
intention to study, i.e. when assessing all 11 embryos that were
included in the study in practical terms, the results obtained
meant that in 81.8% of cases the clinical decision about the
possibility of embryo transfer in the uterine cavity would remain
unchanged. In 9.1% of cases, the clinical decision about the
possibility of embryo transfer made based on the niPGT-A data
only would be different (an euploid embryo was recommended
for transfer). It was impossible to make a clinical decision about
the possibility of embryo transfer in 9.1% of cases.

DISCUSSION

The study planned as a pilot project was limited by small sample
size, availability of aneuploid embryos only (based on the PGT-A

data), no analysis of the ICM chromosomal composition in the
studied blastocysts. Nevertheless, the study results showed
that cell-free DNA (cfDNA) was detected in SCM in 100%
of cases, a high proportion of results appropriate for clinical
interpretation (90.9%) was also reported.

In the majority of studies conducted so far the data of
PGT-A with TE biopsy have been considered as reference data
and compared with the niPGT-A results. The concordance rate
of the results in these studies is 33.3-89.1% [5, 8, 13-17].
However, it should be noted that the above papers more
often described the protocol for niPGT-A in a fresh cycle.
Our study involved the protocol for thawed embryos, and
the concordance rate was consistent with the data of the
above studies (full concordance in 70% of cases, diagnostic
concordance in 90% of cases).

In other studies the whole embryo was considered as a
reference, and SCM was collected after the post-thawing
embryo culture. The concordance rate of the niPGT-A and
PGT-A results for the whole embryo in such studies varied
between 32.2-89.9%. Xu et al. assessed SCM of the thawed
D3 embryos after culturing to 5 days. Among 42 embryos,
assessment of 66.7% showed full concordance of the results
[18]. Yin et al. assessed SCM of 75 thawed D5-D6 blastocysts
after culturing for 24 h. The diagnostic concordance rate
of the results was 89.8%, while full concordance rate was
32.2% [19]. Huang et al. managed to get information about
SCM of 48 D5-D6 embryos out of 52 after thawing and culturing
for 24 h. Full concordance rate of the results was 85.4% [9].
Shitara et al. reported full concordance rate of 56.3% when
assessing SCM after thawing and culturing 5D embryos for 24 h
and 6D embryos for 3 h [20]. Xu et al. assessed 35 thawed
3D and 5D embryos. The minimum incubation time was 24 h.

| £ vt

Fig. 1. An example of “heteroploid” niPGT-A result
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Fig. 2. Results of the embryo PGT-A and niPGT-A showing discordance between the PGT-A and niPGT-A data: the upper curve shows aneuploidy based on the

PGT-A data, the lower curve shows euploidy based on the niPGT-A data.
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Fig. 3. An example of full concordance of the results based on the PGT-A and niPGT-A data

A total of 88.6% SCM samples successfully went through
whole-genome ampilification. Full concordance rate of the ICM
niPGT-A and PGT-A results was 58.3% (14/24) [21].

[t should be noted that the culture medium drop volume
in these studies involving culturing thawed embryos varied
between 10-30 L, while the test sample volume was 3.5-25 L.
Incubation time was at least 24 h in the majority of cases. Our study
demonstrated successful detection and analysis of cfDNA in SCM
when culturing thawed blastocysts for 9 h in the 10 pL drops,
thereby showing the possibility of obtaining adequate results after
culturing thawed embryos within a shorter time period.

Of particular interest is the study of additional options to
use niPGT-A in clinical practice. Noteworthy is the paper, the
authors of which performed niPGT-A for mosaic embryos
based on the results of previous PGT-A with TE biopsy. They
thawed and re-cultured 41 mosaic embryos for 14-18 h, then
performed PGT-A with TE biopsy of the whole embryo and
SCM niPGT-A. The results of ICM assessment showed that
84.4% of embryos (35/41) had normal chromosome pattern.
The niPGT-A data were concordant with the results of PGT-A
based on the whole embryo biopsy in 74.4% of cases [22]. In
the paper published the authors reported retrospective data
on the transfer of mosaic embryos in 60 couples having no
euploid embryos. Clinical pregnancy was later diagnosed in
30 patients. Thus, the researchers assumed that additional use
of niPGT-A in such clinical cases had some possible benefits.

In our study we also obtained one “euploid” niPGT-A result
for aneuploid embryo (karyotype (21) x 1.5) based on the data
of previous PGT-A with TE biopsy. Furthermore, no abnormality
of the 21st pair of chromosomes was detected (Fig. 2). Given
the above, it is reasonable to collect SCM in the cycles with
PGT-A in order to explore the possibility of additional niPGT-A
use for more correct diagnosis in complicated or questionable
cases (if necessary).

Also of interest is the paper published in 2022 focused on
assessing the chances of the clinical use of niPGT-A in the
thawed embryo transfer ART cycles [23]. The embryos were
thawed and cultured in the 20 pL drops for 6 h in all cases until
transferred into the uterine cavity. The authors retrospectively
assessed the outcomes of thawed embryo transfer in 210
patients based on the niPGT-A results. The rates of clinical
pregnancy, ongoing pregnancy and live birth were significantly
higher in embryos that were considered to be euploid based on
niPGT-A compared to aneuploid embryos (56.2% vs. 29.4%).
However, no differences in the above reproductive outcomes
between “euploid” and “chaotic” embryos were revealed based
on the niPGT-A data (56.2% vs. 60.4%). The percentage of
aneuploid embryos was significantly higher among the embryos
that were considered to be of low or medium quality based on
morphological features compared to the good quality embryos
(46%, 34.6% and 21.5%, respectively; p = 0.013). The
researchers noted a possible advantage of using a combination

Table 2. Comparison of the rates of full and clinical concordance between the PGT-A and niPGT-A results based on the binomial test data

Concordance Yes/No Share Total Proportion p
Yes 7 0.7
Full 10 p=0.344
No 3 0.3
Yes 9 0.9
Diagnostic 10 p=0.021
No 1 0.1
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approach (morphological assessment in combination with
niPGT-A) to selection of the most promising embryo in terms
of transfer into the uterine cavity. Furthermore, the authors
proposed to rank the embryos in order of decreasing priority
for embryo transfer in the following way: 1) good quality
euploid embryos; 2) good quality “chactic” embryos; 3) euploid
embryos of medium quality based on morphological features; 4)
“chaotic” embryos of medium quality based on morphological
features.

[t should be emphasized that other researchers also
recommend to interpret chaotic niPGT-A results with caution,
since such results are more likely to reflect the biomaterial storage
conditions and DNA degradation processes than the embryos’
chromosomal patterns [8, 24]. In our study we have also obtained
chaotic niPGT-A results in one case (9.1%) (Fig. 1).

Thus, it should be noted that dealing with cfDNA and
niPGT-A has some features that should be taken into account
when interpreting the results and selecting the most promising
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embryos for transfer into the uterine cavity. However, the non-
invasive nature of the method should be noted as its chief
feature. Considering the fact that a number of scientific papers
report the data indicative of possible adverse effects of TE biopsy
on the course of pregnancy (hypertensive disorders, premature
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