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Incidence, Origin, and Predictive Model for the
Detection and Clinical Management of Segmental
Aneuploidies in Human Embryos

Laura Girardi,! Munevver Serdarogullari,? Cristina Patassini,! Maurizio Poli,! Marco Fabiani,!

Silvia Caroselli,! Onder Coban,? Necati Findikli,3# Fazilet Kubra Boynukalin,> Mustafa Bahceci,>
Rupali Chopra,® Rita Canipari,” Danilo Cimadomo,® Laura Rienzi,® Filippo Ubaldi,® Eva Hoffmann,®
Carmen Rubio,!0 Carlos Simon,10.11,12,13 and Antonio Capalbo!,7.10,*

Despite next-generation sequencing, which now allows for the accurate detection of segmental aneuploidies from in vitro fertilization
embryo biopsies, the origin and characteristics of these aneuploidies are still relatively unknown. Using a multifocal biopsy approach
(four trophectoderms [TEs] and one inner cell mass [[CM] analyzed per blastocyst; n = 390), we determine the origin of the aneuploidy
and the diagnostic predictive value of segmental aneuploidy detection in TE biopsies toward the ICM’s chromosomal constitution. Con-
trary to the prevalent meiotic origin of whole-chromosome aneuploidies, we show that sub-chromosomal abnormalities in human blas-
tocysts arise from mitotic errors in around 70% of cases. As a consequence, the positive-predictive value toward ICM configuration was
significantly lower for segmental as compared to whole-chromosome aneuploidies (70.8% versus 97.18%, respectively). In order to
enhance the clinical utility of reporting segmental findings in clinical TE biopsies, we have developed and clinically verified a risk strat-
ification model based on a second TE biopsy confirmation and segmental length; this model can significantly improve the prediction of
aneuploidy risk in the ICM in over 86% of clinical cases enrolled. In conclusion, we provide evidence of the predominant mitotic origin
of segmental aneuploidies in preimplantation embryos and develop a risk stratification model that can help post-test genetic counseling
and that facilitates the decision-making process on clinical utilization of these embryos.

Introduction

The field of preimplantation genetic testing (PGT) of hu-
man embryos has been characterized by a continuous
technological evolution leading to the introduction of
increasingly sensitive, higher-throughput, and more cost-
effective platforms for comprehensive chromosome anal-
ysis.'” In particular, the implementation of next-genera-
tion sequencing (NGS) platforms has provided improved
resolution and sensitivity, making it possible to detect a
widening dynamic range of chromosomal aberrations
that occur de novo.* These include sub-chromosomal aneu-
ploidies, duplications, and deletions of chromosomal seg-
ments affecting regions larger than 5-10 Mb.>® Although
they are rare in prenatal genetics,”® NGS-based studies
have revealed that de novo segmental aneuploidies arising
from chromosomal structural rearrangements are rela-
tively common in human preimplantation embryos
(15.6%).°"'° From a biological standpoint, the occurrence
of segmental alterations is primarily generated by meiotic
events during gametogenesis, as well as mitotic errors dur-
ing embryonic development.'' Meiotic events are pre-
dicted to give rise to embryos in which all cells inherit

the rearranged chromosome, whereas mitotic errors of em-
bryonic origin are predicted to result in a mosaic pattern of
segmental aneuploidies across the embryo. However, the
nature and prevalence of the two mechanisms at the blas-
tocyst stage of human preimplantation development are
still unclear.

Recently, a few studies have assessed karyotype concor-
dance rates between clinical trophectoderm (TE) biopsies
carrying a segmental aneuploidy and their correspondent
inner cell mass (ICM). These studies showed that concor-
dance rate between TE and ICM for segmental aneu-
ploidies is reduced compared to those involving whole
chromosomes, thus suggesting that sub-chromosomal re-
gions’ alterations may be prevalently caused by mitotic
events leading to mosaic patterns.®'*'*'? Nevertheless,
either these studies were limited by a small sample
size (n = 7)'? or they employed suboptimal techniques
(i.e., fluorescence in situ hybridization [FISH]) for
confirming the diagnosis on the remaining sections of
the embryo.>'” In particular, the use of the FISH technique
prevented the acquisition of informative data on alterna-
tive aneuploidy patterns of the affected chromosome,
and also prevented the development of a comprehensive
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view on the entire embryonic karyotype. Furthermore, all
studies except one'® failed to report validation data for
the ICM biopsy method employed. Indeed, these details
are critical for the evaluation of experimental outcomes
because the collection of pure ICM fractions, free of TE
cell contamination, is an extremely challenging proced-
ure.'*'® As a result, the potential impact of segmental
aneuploidies detection on in vitro fertilization (IVF)/preim-
plantation genetic testing for aneuploidies (PGT-A) clinical
workflow and their real predictive diagnostic value in clin-
ical TE (cTE) biopsies remain an open question deserving
further investigation.

In this study, the incidence and type of segmental aneu-
ploidies detected in cTE biopsies has been assessed in a da-
taset of 8,137 PGT-A analyses, and the meiotic or mitotic
nature of sub-chromosomal abnormalities has been inves-
tigated via multifocal analysis of 78 disaggregated blasto-
cysts. Furthermore, an ICM risk stratification model able
to assist in the interpretation of segmental aneuploidy
findings and post-test genetic counselling in PGT-A cycles
has been developed and clinically verified.

Material and Methods

Study Design and Objectives

In this study, we have first assessed the incidence and patterns of
segmental aneuploidies detected by NGS analysis of 8,137 TE bi-
opsies analyzed in our blastocyst-stage PGT-A program. This eval-
uation allowed the characterization of the relative contribution of
segmental aneuploidies to the overall aneuploidy rate in cTE sam-
ples and the assessment of chromosome-specific susceptibility to
segmental errors. Next, we performed multifocal biopsies on blas-
tocysts (euploid and with segmental aneuploidies) donated for
research purposes to evaluate the positive diagnostic predictive
value (PPV) and negative diagnostic predictive value (NPV) for
segmental and whole-chromosome aneuploidies. This phase of
the study also allowed the evaluation of biological mechanisms
responsible for the occurrence of segmental aneuploidies at the
blastocyst stage as well as the development of a decisional tree
model, based on ICM aneuploidy state, for optimizing clinical
management of embryos showing sub-chromosomal abnormal-
ities. The generated decisional tree model has been subsequently
verified on an independent cohort of embryos obtained in PGT-
A cycles and showing segmental aneuploidies in the cTE as the
only abnormality.

Prospective Analysis of NGS-Based PGT-A Results

NGS-based PGT-A results were obtained at Igenomix Italia labora-
tory between February 2018 and November 2019 (n = 8,137,
mean female age = 37.9, 95% confidence interval [CI] = 37.84-
38.00). Embryos were defined as normal and/or euploid if no alter-
ation with respect to the reference base line was observed, and em-
bryos were defined as aneuploid if they exhibited uniform single
or multiple whole-chromosome and/or segmental (deletion and
duplication above 10Mb) abnormalities. Although studies on cell
lines have shown the capability of NGS-based protocols to in-
crease the resolution toward chromosome copy number (CN) var-
iations, the diagnostic approach employed here did not consider
mosaic classification categories. Because technical and biological
variations in cTEs’ NGS profiles cannot be entirely distinguished,

this approach was chosen in order to limit the impact of experi-
mental variability on aneuploidy mechanism analysis.'”~'° There-
fore, our classification scheme followed a binary approach:
disomic or uniform aneuploid.

Multifocal Blastocyst Biopsies to Define Segmental Aneuploidies’
Origin and Predictive Value Analysis

A cohort study blinded to the geneticist was carried out to assess
positive predictive values (PPVs) and negative predictive values
(NPVs) for segmental and whole aneuploidy detection in TE bi-
opsies. To this aim, 78 blastocysts (53 with a segmental aneuploidy
in cTE and 23 otherwise euploid) donated for research at the Bach-
eci clinic in Cyprus were warmed and disaggregated into four por-
tions and the ICM. Ethical committee approval for the study was
obtained from the Institutional Review Board (IRB) at Near East
University (project number: YDU/2018/64-685). Approved
informed consent forms were signed by all of the individuals
donating their embryos to this study. ICM isolation and multiple
TE biopsies were performed using a previously described and vali-
dated methodology.'* Individual biopsies were blindly analyzed
using an NGS platform. In the multifocal analysis, concordance
rates were calculated comparing the PGT-A result obtained from
the cTE with each of the associated TE and ICM biopsies. In detail,
when the same segmental alteration was observed in all biopsies,
this outcome was considered to be consistent with a pattern of
meiotic origin. When the abnormality was detected in more
than one sample, but not in all, the aneuploidy was considered
to originate from a mitotic error leading to mosaicism. Further-
more, the aneuploidy was considered to be confined to TE when
it was uniformly detected in all TE samples but not in the ICM
(confined TE mosaic). Finally, when the alteration was found
only in the cTE, the pattern was interpreted as consistent with
low-grade mosaicism or as a technical artifact.

Development of a Risk Stratification Model to Enhance
Clinical Management and Genetic Counselling on
Segmental Aneuploidy Findings in PGT-A Cycles

From the dataset of donated embryos, a risk stratification model
was then developed to enhance the predictivity toward ICM
ploidy status of a segmental finding in a cTE biopsy, including
significantly associated covariates (see Statistical Analysis). A logis-
tic regression model was built in order to identify potential addi-
tional variables to enhance segmental aneuploidy predictive
values. To this end, a multivariate analysis was conducted in
which the independent variable was the confirmation state on
ICM and which included as main covariates female age, sperm
quality, male age, segmental size, chromosome involved, embryo
morphology, and day of biopsy. Recursive partitioning analysis
was used to stratify the samples according to predictive variables
on confirmation outcome.”’ Accordingly, a decision-making
model was computed. This model was further verified through
an independent population of embryos that were diagnosed
with a segmental abnormality in the ¢TE in clinical PGT-A cycles.
These embryos were subjected to a second clinical TE biopsy (scTE)
in order to obtain diagnostic confirmation and improve clinical
management of the associated PGT-A cycle.

For this purpose, 51 blastocysts from 1,817 consecutive IVF
treatments shown to carry segmental aneuploidies during clinical
PGT-A cycles were enrolled in the study at the GENERA Center for
Reproductive Medicine in Rome, Italy, leading to a total collection
of 102 biopsy samples. This analysis served to define the propor-
tion of cases in which the application of the predictive model
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improved clinical management compared with the information
provided by the cTE biopsy alone. IRB approval for the study
was also obtained from Clinica Valle Giulia for cTE re-analysis of
embryos showing segmental aneuploidies in the original blasto-
cyst biopsy. Informed consent was obtained from individuals
donating their embryos to this study.

PGT-A Analysis

Embryo culture and cTE biopsies were performed as previously
described.”’ NGS-based PGT-A was employed for the analysis of
all blastocyst biopsies by performing genomic DNA extraction
and whole-genome amplification (WGA) using Ion Reproseq
PGS kit (ThermoFisher). In detail, each biopsy was tubed in 2.5ul
of 1x PBS, treated with 5ul of Extraction Enzyme master mix
and incubated at 75°C for 10 min, followed by incubation at
95°C for 4 min. Extracted genomic DNA was pre-amplified with
Sul of Pre-amplification master mix and incubated according to
the following program: 1 cycle at 95°C for 2 min and 12 cycles
at 95°C for 15 s, 15°C for 50 s, 25°C for 40 s, 35°C for 30 s, 65°C
for 40 s, 75°C for 40 s, and holding at 4°C. Subsequently, 30ul of
Amplification master mix and Sul of Ion SingleSeq Barcode
Adaptor were added to each sample. Library amplification was per-
formed with the following program: 1 cycle at 95°C for 3 min, 4
cycles at 95°C for 20 s, 50°C for 25 s, 72°C for 40 s, 12 cycles at
95°C for 20 s, 72°C for 55 s, and holding at 4°C. Libraries were
then pooled, purified with AMPure XP beads, quantified using
the Qubit dsDNA High Sensitivity Assay kit, and diluted to the
final concentration of 80pM. Template preparation and chip
loading was performed using lon Chef system (Thermo Fisher) ac-
cording to manufacturer instructions. Chip was then loaded and
sequenced on Ion S5TM XL SequencerTM (Thermo Fisher).

Interpretation of Sequencing Data and Diagnosis
Sequencing data obtained by the SSTM XL Sequencer were pro-
cessed and sent to the Ion Reporter software for analysis. Aneu-
ploidies and CN variations were analyzed with the Ion Reporter
Software version 5.4 (Thermo Fisher Scientific). This software
uses the bioinformatic tool ReproSeq Low-pass Whole-Genome
Aneuploidy Workflow v1.0 to detect 24 chromosome aneuploidies
from a single whole-genome sample with low coverage (minimum
0.01x). Data obtained from the Ion Reporter files for each embryo
were analyzed using the Igenomix proprietary algorithm to release
an automated result including detection of segmental aneu-
ploidies.”” Segmental aneuploidies >10Mb were manually identi-
fied only if a chromosome fragment deviated from the standard
threshold for disomy.

Statistical Analysis

Categorical variables are shown as percentages with 95% CI, and
continuous variables are shown as mean + standard deviation
(SD). Statistical analysis was conducted using the two-tailed chi
square test for categorical variables and ANOVA with Bonferroni’s
correction for continuous variables. In Phase 2 experiments, in or-
der to define sensitivity and specificity of TE result toward ICM
ploidy status prediction, we first classified each segmental aneu-
ploidy as true positive (TP, abnormal ICM and abnormal TE),
true negative (TN, normal ICM and normal TE), false positive
(FP, normal ICM and abnormal TE), or false negative (FN,
abnormal ICM and normal TE). Sensitivity was calculated as the
percentage of abnormal chromosome correctly predicted as aneu-
ploid, while specificity was defined as the percentage of euploid

chromosomes detected for all chromosomes expected to be
normal. PPVs and NPVs were calculated as the proportion of pos-
itive and negative results that were true positive and true negative
[PPV = TP/(TP + FP); NPV = TN/(TN + FN)]. To assess the diag-
nostic reliability of segmental detection on a single cTE biopsy to-
ward the remaining embryo, concordance measures were calcu-
lated as described above but considering as confirmation the
presence of at least one additional biopsy showing the same or
an alternative aneuploidy pattern for the same chromosomal
segment. p value < 0.05 was considered statistically significant.

Results

Incidence and Type of Segmental Aneuploidies in
Human Embryos

The NGS-based PGT-A protocol used in this study was
internally validated for both whole-chromosome and
segmental aneuploidies on cell lines with known abnor-
malities of different sizes and involving different chromo-
somes (Table S1A, S1B, and S1C). The prospective analysis
of 8,137 human NGS-based TE biopsies revealed an overall
aneuploidy rate (whole-chromosome and segmental) of
56.7% (n = 4,617/8,137; 95% CI = 55.66-57.82). In partic-
ular, the percentage of embryos with at least one segmental
aneuploidy was 5.6% (n = 454/8,137; 95% CI = 5.09-
6.10), whereas the percentage of embryos carrying a
segmental alteration alone was 2.4% (n = 199/8,137;
95% CI = 2.12-2.80) (Figure 1A). The types (i.e., trisomy,
monosomy, and segmental) and distributions of abnor-
malities across chromosomes are shown in Figure 1B. The
incidence and distribution of specific segmental aneu-
ploidies (i.e., gain and loss of q and p arms) was further
characterized, highlighting an uneven distribution of
segmental errors, and larger chromosomes were more
frequently involved (Figure 1C). Of note, all detected
segmental abnormalities were telomeric. This observation
is consistent with the evidence that interstitial aneu-
ploidies commonly detected in pregnancies and/or new-
borns are of small size (i.e., <10Mb) and therefore fall
below the standard resolution limit of the NGS platforms
employed for PGT-A analysis.”’

Further analysis showed that the incidence of segmental
aneuploidies was not related to female age (Figure 1D, red
line), whereas the relative contribution of segmental ab-
normalities alone to the total of aneuploidies detected
(Figure 1D, gray line) and to the total number of embryos
analyzed (Figure 1D, green line) decreased with age, reflect-
ing the expected increase in age-related whole chromo-
somes’ meiotic aberrations.

Multifocal Analysis of the Blastocyst Reveals the Mitotic
Origin of Most of Segmental Aneuploidies

A total of 78 human embryos (25 euploid and 53 aneu-
ploid with a segmental alteration previously detected in
the cTE biopsy) were disaggregated into four additional
sections and blindly analyzed using NGS-based aneu-
ploidy testing to investigate the mitotic or meiotic origin
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Figure 1. Characterization of Segmental Aneuploidies across All
Embryos Analyzed (n = 8,137)

(A) Summary of NGS-based PGT-A results per embryo.

(B) Incidence and distribution of chromosomal abnormalities
across the genome. Red = trisomy, blue = monosomy, and green
= segmental.

(C) Incidence and distribution of specific segmental aneuploidies
across the genome. Dark red = long-arm trisomy, Light red =
short-arm trisomy, dark blue = long-arm monosomy, and light
blue = short-arm monosomy.

(D) Incidence of segmental aneuploidies according to maternal
age. Red line = incidence of all segmental abnormalities over all

of the aneuploidy (Table S2). Each embryo provided a to-
tal of five diagnostic results, four from the TE (including
the biopsy performed for clinical purposes) and 1 from
the ICM. In 17 of the 53 aneuploid blastocysts showing
a segmental abnormality, all five biopsies, including the
ICM, were concordant for the same sub-chromosomal
aberration (32.1%; 95% CI = 19.92-46.32, Figure 2A);
this result is consistent with an error of meiotic origin.
The remaining 68.0% of embryos (n = 36/53; 95%
CI = 53.68-80.08) showed a mosaic configuration for
the segmental aneuploidy (Figure 2A). In particular, the
same segmental aneuploidy was observed in at least
one additional biopsy in 13.2% of samples (n = 7/53;
95% CI = 5.48-25.34), whereas reciprocal patterns were
observed in 5.7% of embryos (n = 3/53; 95% CI =
1.18-15.66). In a subset of embryos (n = 5/53; 9.4%;
95% CI = 3.13-20.66), a TE-confined mosaic pattern
was observed. In contrast, segmental aneuploidies were
detected only in the cTE biopsy in 39.6% of cases (n =
21/53; 95% CI = 26.45-54.00); this result suggests an
aneuploidy pattern consistent with low-grade mosai-
cism. However, the presence of a technical artifact in
the initial PGT-A analysis for this group of samples
cannot be ruled out. Examples of PGT-A profiles of
different segmental aneuploidies configurations detected
in multifocal TE biopsies are shown in Figure S1. In the
25 euploid blastocysts analyzed for segmental aneu-
ploidies, all ICMs had normal karyotypes and 96.0%
(n = 24/25; 95% CI = 79.65-99.90) showed full concor-
dance across all five biopsy specimens (TE + ICM),
whereas only one (4.0%; 95% CI = 0.10-20.35) showed
partial concordance due to the presence of reciprocal
de novo sub-chromosomal errors detected in two different
TE biopsies (Figure 2B; sample C068 in Table S2).
PGT-A analysis across TE biopsies and correspondent
ICMs reported 99.3% per chromosome concordance (n =
7,125/7,176; 95% CI = 99.07-99.47) and 83.6% per sam-
ple full-karyotype concordance (n = 261/312; 95% CI =
79.07-87.58). Considering that the portion of cells
included in a TE biopsy fragment is randomly chosen, we
calculated PPV and NPV of all TE biopsies, both from
normal and abnormal blastocysts, in relation to their
ICM chromosomal status. When considering segmental
aneuploidies only, PPV per chromosome and per sample
(full-karyotype) was 70.8% (mn = 97/137; 95% CI =
62.43-78.25), whereas NPVs were 99.8% (n = 7,028/
7,039; 95% CI = 99.72-99.92) and 93.7% (n = 164/175;
95% CI = 89.03-96.82), respectively. In contrast, the anal-
ysis of whole-chromosome aneuploidies revealed a remark-
ably high concordance rate across biopsies from the same
embryos. In particular, the concordance rate between indi-
vidual TE biopsies and ICM was 99.9% when calculated per

embryos analyzed, gray line = relative contribution of segmental
abnormalities alone to the total of aneuploidies detected, and
green line = relative contribution of segmental abnormalities
alone to the total of embryos analyzed.
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Figure 2. Overview of Blastocyst’s Karyotype Configurations and Sample Concordance Rates Detected across Multifocal Analysis of

Four Trophectoderm (TE) Sections and the Inner Cell Mass (ICM)

(A) Segmental aneuploidies configurations from embryos showing single segmental alteration in the clinical TE (cTE) biopsy.
(B) Segmental aneuploidies configurations from embryos showing a euploid karyotype in the cTE biopsy.
(C) Karyotype configurations from all embryos in relation to whole-chromosome aneuploidies.

chromosome (n = 7,171/7,176; 95% CI = 99.84-99.98)
and 98.7% when full-karyotype concordance was calcu-
lated per sample (n = 308/312; 95% CI = 96.75-99.65)
(Figure 2C; Table S1). Only three blastocysts (3.8%; 95%
CI = 0.8-10.83) showed partial concordance; this result
suggests the presence of a mosaic pattern for whole chro-
mosomes. These data show that whole-chromosome aneu-
ploidies are detected in the blastocyst with very high
consistency, and incidence of detectable genuine mosai-
cism is extremely low.

Development of a Prediction Model for Segmental
Aneuploidies Detection in PGT-A

Considering that only one TE biopsy is generally obtained
in clinical PGT-A settings, we sought to investigate the pre-
dictivity of a segmental finding toward the ICM chromo-
somal status and whether certain clinical and embryolog-
ical parameters could enhance it. For this purpose, all
segmental alterations were divided into two groups accord-
ing to whether it was confirmed or not confirmed in ICM
(confirmation outcome). Logistic regression analysis re-
vealed that the segment size and the confirmation of the
result in the scTE biopsy were the only variables associated
with ICM confirmation rate (Table S3). Of these, diagnostic
confirmation through detection of the same or an alterna-
tive aneuploidy pattern in the scTE was the strongest prog-
nostic factor for ICM confirmation. Indeed, 84.0% (n =21/
25; 95% CI = 63.92-95.46) of cases displaying a positive
scTE showed the same or an alternative pattern for that

chromosome in the ICM (Figure 3A). Although the statisti-
cal effect was weak, the mean segmental length was higher
in confirmed diagnoses (67.0 = 38.5 versus 50.6 = 30.9,
for confirmed and not confirmed, respectively; p = NS;
Figure 3B). Additionally, different TE biopsies exhibited
similar ICM concordance rates, suggesting an equal repre-
sentativeness toward the ICM (p = NS; Figure 3C). Based
on the evidence brought by multifocal biopsy experi-
ments, we estimated the true incidence of segmental find-
ings in the total study population. According to our data,
the occurrence of true segmental aneuploidies (confirmed
in additional biopsies as defined in Figure 2) is 1.5%.
Around half of these (53%) are expected to be of meiotic
origin, while the remaining are expected to follow a mosaic
pattern. Interestingly, around 40% of the segmental aneu-
ploidies detected in the first biopsy were not confirmed in
additional biopsies; this reveals an origin linked to analyt-
ical artifact or to a very-low-level mosaicism. This category
involves around 1% of all embryos analyzed for PGT-A pur-
poses (Figure 3D).

An intuitive risk stratification model for segmental aneu-
ploidies was developed through the use of recursive parti-
tioning analysis. This model can predict the likelihood
that the segmental aneuploidy observed in the cTE is also
present in the ICM. When an scTE biopsy is available for
analysis and confirms the segmental aneuploidy detected
in the cTE, the likelihood of diagnostic concordance with
the ICM increases from 21.4% to 84% (Figure 4A). Alterna-
tively, when a segmental aneuploidy involving a region
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(in parenthesis).

smaller than 80Mb is detected in the cTE but not in the
scTE, the likelihood of an aneuploid ICM decreases from
an a priori 50.9% to 10.5% (Figure 4A).

This risk stratification model was applied clinically to a
cohort of PGT-A cycles in which segmental aneuploidies
were detected in cTE biopsies and confirmation was under-
taken via an scTE. Demographic data are reported in
Table S4. Out of 58 segmental aneuploidies identified in 51
CcTEs, 46.6% (n = 27/58; 95% CI = 33.34-60.13) were not
confirmed in scTEs, while 53.4% (n = 31/58; 95% CI =
39.87-66.66) were confirmed. The contribution of each diag-
nostic class to the total of segmental aneuploidies detected in
this population was 32.8% (n = 19/58; 95% CI = 21.01-
46.34), 13.8% (n = 8/58; 95% CI = 6.15-25.38), 43.1%
(n = 25/58; 95% CI = 30.16-56.77), and 10.3% (n = 6/58;
95% CI=3.89-21.17) for Classes I, I, I1I, and IV, respectively
(Figure 4B). In this clinical landscape, only around 13% of
cases maintained an ICM aneuploidy risk comparable to
the a priori risk (Class II, 44% versus ~50%), whereas in
around 87% of cases, risk prediction was significantly
improved, thus allowing better post-test genetic counselling
and clinical treatment management (Figure 4B).

Discussion

The objective of this study was to further characterize the
biological significance of segmental aneuploidies in hu-
man blastocysts and, based on these premises, to develop
an enhanced diagnostic model for improvement of clinical
treatment management.

We report that the general contribution of sub-chromo-
somal aneuploidies in PGT-A cycles is minimal. Indeed, we
showed that only 2.4% of samples analyzed displayed sin-
gle or multiple segmental aneuploidies as the only alter-
ation, representing around 1% of the embryonic cohort
in advanced reproductive age women (>38 years). More-
over, when taking into consideration the proportion of
confirmed segmental aneuploidies in multifocal analyses,
the overall incidence of sub-chromosomal abnormalities
further reduces to 1.5%. It should be noted that our rate
of segmental aneuploidies in the clinical biopsy is lower
than the rates in several other reports.*”** This discor-
dance likely reflects differences in the technologies used
to detected the partial genome changes® as well as the
fact that, in order to minimize the risk for overcalling
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aneuploidies in embryos, we have considered only
segmental abnormalities in the uniform aneuploidy range
(non-mosaic) and above 10Mb. Other studies used a less
conservative approach which predicted segmental aneu-
ploidies down to 2-5 Mb of chromosome resolution®*?**
and also in the mosaicism range.****

Differently from whole-chromosome aneuploidies, and
consistently with other reports,* ' segmental abnormalities
didn’t show a female-age-dependent increase in incidence
and were more prevalent in larger chromosomes; this sug-
gests a distinct etiology.”>?” Indeed, our data from multi-
focal analysis revealed that whole-chromosome aneu-
ploidies were consistently detected across all blastocyst
sections, showing minimal evidence of karyotype discor-
dance and mosaicism incidence. In particular, only 1% of
ICM and/or TE biopsies (4/390) showed a different aneu-
ploidy pattern compared to the expected analytical profile
(Figure 3B). These results corroborate previous studies
which showed high concordance rates for whole-chromo-
some aneuploidies between TE re-biopsies and ICM (as
well as embryo outgrowths on day 12) only when uniform
aneuploidies were reported'**® or more reliable criteria for
aneuploidy classification was used.'” On the contrary,
studies using wider ranges for mosaicism classification
have reported lower representativeness of cTE biopsies to-
ward ICM.?*° Our results confirm the predominance of
meiotic origin for whole-chromosome errors found at the
blastocyst stage and highlight the high reliability and accu-
racy of blastocyst-stage PGT-A analysis when performed
with standardized criteria for aneuploidy classification.*’

Indeed, both distinct aneuploidy
patterns and reciprocal segmental al-
terations were detected in multifocal
biopsies, providing clear evidence of mitotic non-disjunc-
tion events occurring during the early embryonic cell divi-
sions. Mosaic segmental aneuploidies could originate from
gross, structural rearrangements of chromosomes that
could occur as a result of replication stress, catenenes,
and ultrafine anaphase bridges.**** Although DNA dam-
age and markers of replication stress have been reported
in human preimplantation embryos,*” repair mechanisms
are unclear. Further data will be needed to define time
points, mechanisms, and potential susceptibility factors
associated with mitotic errors leading to mosaic segmental
aneuploidies in blastocyst-stage human embryos. The fact
that different TE portions showed discordant PGT-A pro-
files raises several technical and biological questions
regarding the diagnostic accuracy of detecting sub-chro-
mosomal alterations from a single cTE biopsy. To account
for this limitation, segmental and whole-chromosome an-
euploidies will require separate consideration in future
PGT-A predictivity studies. Indeed, because segmental
aneuploidies frequently originate as a consequence of
mitotic errors during preimplantation development, the
observation of discordant intra-blastocyst results should
be considered as an expected outcome.'**° From a clinical
standpoint, these data suggest that a diagnosis of
segmental aneuploidy from a single cTE biopsy is not suf-
ficient to correctly predict ICM chromosomal constitution
or the clinical implications of the aneuploidy observed.
Currently, the clinical management of embryos which
show a segmental aneuploidy as the only abnormality
is extremely challenging because their transfer can
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potentially lead to serious adverse outcomes. In our study,
32% of all segmental aneuploidies detected were of meiotic
origin, whereas an additional 28% of cases displayed the ab-
erration in mosaic constitution but involved the ICM.
Considering the potentially harmful consequences of trans-
ferring embryos with segmental aneuploidies,'” and the
limited clinical data available to assess their reproductive po-
tential,”’*® we have developed a risk stratification model
that can facilitate the clinical decision-making process. As re-
ported above, segmental length and diagnostic concordance
with an independent scTE biopsy are valuable parameters for
determining the validity of the finding and tailoring post-
test genetic counselling. In particular, the confirmation of
the same segmental finding in an scTE rebiopsy was shown
to enhance the predictivity for an abnormal ICM from
50.9% to 84.0% (Figure 4A). On the contrary, the use of the
segmental size alone, although statistically significant,
showed to be a weaker predictor. None of the other poten-
tially useful paramenters investigated, such as type and posi-
tion on the chromosome involved and demographic data,
aided the interpretation and management of segmental
aneuplodies findings in a cTE. Therefore, in cases in which
asegmental aneuploidy is identified as the only abnormality,
the assessment of a second TE biopsy is the most effective
approach for enhancing predictivity on ICM constitution
and empowering the decision-making process. This model
was verified clinically in an independent dataset of cases in
which an scTE biopsy was collected following the original
identification of a segmental aneuploidy in the cTE. This
analysis aimed to investigate the validity of the model by
identifying the proportion of cases in which the cTE-based
diagnosis would be confirmed or contradicted by the scTE
result. In the applied clinical verification phase, only 14%
of cases remained with an ICM involvement risk similar to
the a priori risk (Class II, segmentals > 80Mb and uncon-
firmed in scTE; Figure 4B). All other cases showed either a
significantly higher risk (78%-100%, Classes III and 1V,
Figure 4B) or areduced risk (Class I); this suggests the possibil-
ity of respectively using or excluding the embryo from clin-
ical use with increased confidence. Concerning the clinical
feasibility of this model, we have recently provided evidence
that a second round of TE biopsy and cryopreservation is not
expected to reduce implantation outcome or increase preg-
nancy complications.*” By improving the diagnostic outlook
of single segmental aneuploidies, this predictive model
could particularly benefit individuals with poor prognoses
and few or no euploid embryos available for transfer
following PGT-A.

The main limitation of this study lies in the inability to
retrieve and analyze individual cells. Single-cell analysis
would allow higher resolution to determine mosaicism
configuration in the blastocyst. At present, efficient single
cell isolation from human blastocysts remains a technical
limitation for this type of studies, which will require devel-
opment and validation. Moreover, in this study, we have
only addressed the diagnostic predictive values of uniform
segmental aneuploidies without including putative mosaic

segmental configurations. This was due to our observa-
tions of the poor diagnostic performance of NGS when
segmental aneuploid and euploid cell mixtures from cell
lines were employed to mimic mosaicism.”* However, it
can be speculated that chromosome CN values below the
uniform aneuploid thresholds would provide much lower
confirmation rates compared to uniform sub-chromo-
somal aneuploidies. Furthermore, it is possible that recip-
rocal segmental aneuploidy incidence is underestimated
due to the multicellular nature of blastocyst biopsies.

A potential source of error, as described in single blasto-
meres by Van Der Aa and colleagues, involves S-phase arti-
facts, in which single-cell DNA replication domains can
result in CN changes that may appear like segmental aneu-
ploidy.*” Hence, the cell cycle phase of the analyzed cell
should be taken into account when analyzing the NGS
CN profile of single S-phase cells. These cells show CN var-
iations across early and late replication domains, leading to
a significantly increased detection of DNA imbalances
compared with a cell in the G1- or G2/M-phase. These
DNA imbalances may be falsely interpreted as genuine
structural aberrations, thus leading to aneuploidy overcall-
ing. However, in multi-cell populations like TE biopsies,
GO- or Gl-cells are generally the predominant class, and
S-phase cells will usually not interfere with CN calling.*’
Furthermore, even if a few cells collected in a TE biopsy
are in the replication phase, this will likely appear as a
mosaic, rather than a uniform segmental aneuploidy. As
described, our study focused on the analysis of uniform
segmental aneuploidies only, thus reducing the possibility
of S-phase effect influence. Furthermore, replication do-
mains for EBV-transformed lymphoblastoid cells based
on the data from Ryba and colleagues showed an average
size of 1.8 Mb,*! far below our chromosome resolution
limit of 10 Mb.

The potential impact of biopsy on segmental aneuploidy
detection, although theoretically unlikely, cannot be
formally ruled out. Reduced proficiency in biopsy tech-
nique cannot explain why the same segmental abnormal-
ity could be detected throughout several biopsies. Addi-
tionally, because segmental abnormalities were detected
in each of the chromosomes, poor biopsy technique could
not specifically affect certain chromosomes. Furthermore,
we have previously shown high inter- and intra-laboratory
reproducibility in terms of cellularity and amplification
efficiency in our embryo biopsy program,*” and these
minimize the impact of the biopsy procedure on the final
genetic result.

We have brought evidence that segmental aneuploidies
are primarily of mitotic origin occurring during early em-
bryo cleavage divisions. Consequently, the ensuing mosaic
configuration of affected embryos poses challenges in
their clinical management. Based on our experimental
data, we have developed a risk stratification model for
segmental aneuploidies. The resulting decisional diagram
was applied clinically to assist diagnostic interpretation
and clinical management of embryos exclusively showing
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sub-chromosomal alterations. Although their relative
contribution to PGT-A cycles is low, future non-selection
studies will be required to investigate the clinical predictive
values of segmental abnormalities detected in single or
double cTE biopsy, as well as their impact on embryonic
reproductive potential and gestational risks.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2020.03.005.
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Figure S1 - Examples of PGT-A profile plots displaying different segmental aneuploidies configurations reconstructed from five
multifocal blastocyst biopsies.

A) UNIFORM CONCORDANT CONFIGURATION B) PARTIAL CONCORDANT CONFIGURATION
(unbalanced,XY,del(6)(q25.3927) (unbalanced,XX,+15+16,del(8)(q24.13g24.3)
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Figure S1: A) Uniform concordant configuration; B) Partial concordant configuration; C) Reciprocal segmental configuration and D) Confined

to TE configuration. cTE, clinical trophectoderm biopsy, TE2, second trophectoderm biopsy; TE3, third trophectoderm biopsy,; TE4, fourth
trophectoderm biopsy,; ICM, inner cell mass biopsy. Green arrow = confirmed aneuploidy; Yellow arrow = reciprocal aneuploidy; Red cross =
unconfirmed aneuploidy.



Table S1 (A, B, C). NGS validation data

A Barcode Sarlr:)ple Karyotype lon chef + S5 results READS MAPD
1 01 unbalanced,XX,+22 unbalanced,XX,+22 191,690 0.146
2 02 unbalanced,XX,+22 unbalanced,XX,+22 193,168 0.149
3 03 unbalanced,XX,+20 unbalanced,XX,+20 145,459 0.162
4 04 unbalanced,XX,+20 unbalanced,XX,+20 161,303 0.160
5 05 unbalanced,XY,+2,+21 unbalanced,XY,+2,+21 | 206,235 0.142
6 06 unbalanced,XY,+2,+21 unbalanced,XY,+2,+21 | 146,702 0.163
7 07 unbalanced, XXX unbalanced, XXX 191,553 0.146
8 08 unbalanced, XXX unbalanced, XXX 158,018 0.159
9 09 unbalanced,XXY unbalanced,XXY 176,303 0.190
10 10 unbalanced,XXY unbalanced,XXY 173,232 0.141
11 11 unbalanced,XYY unbalanced, XYY 229,748 0.140
12 12 unbalanced, XYY unbalanced, XYY 92,464 0.196
13 13 unbalanced,XY,+13 unbalanced,XY,+13 154,963 0.164
14 14 unbalanced,XY,+13 unbalanced,XY,+13 92,623 0.192
15 15 unbalanced,XY,+18 unbalanced,XY,+18 171,875 0.176
16 16 unbalanced,XY,+18 unbalanced,XY,+18 142,992 0.156
17 17 unbalanced,XY,+21 unbalanced,XY,+21 160,188 0.162
18 18 unbalanced,XY,+21 unbalanced,XY,+21 135,325 0.172
19 19 balanced,XX balanced,XX 145,428 0.169
20 20 balanced,XX balanced,XX 212,568 0.131
21 21 balanced, XY balanced,XY 173,466 0.160
22 22 balanced, XY balanced,XY 211,861 0.144
23 23 unbalanced,XX,+2,+21 unbalanced,XX,+2,+21 | 172,647 0.148
24 24 unbalanced,XX,+2,+21 unbalanced,XX,+2,+21 | 153,313 0.159
25 25 unbalanced,XX,+22 unbalanced,XX,+22 205,168 0.143
26 26 unbalanced,XX,+22 unbalanced,XX,+22 211,714 0.140
27 27 unbalanced,XX,+20 unbalanced,XX,+20 222,030 0.128
28 28 unbalanced,XX,+20 unbalanced,XX,+20 200,551 0.139
29 29 unbalanced,XY,+2,+21 unbalanced,XY,+2,+21 | 224,145 0.142
30 30 unbalanced,XY,+2,+21 unbalanced,XY,+2,+21 | 237,787 0.134
31 31 unbalanced, XXX unbalanced, XXX 129,491 0.174
32 32 unbalanced, XXX unbalanced, XXX 152,358 0.176
33 33 unbalanced,XXY unbalanced,XXY 163,214 0.218
34 34 unbalanced,XXY unbalanced,XXY 140,940 0.170
35 35 unbalanced,XYY unbalanced, XYY 183,140 0.147
36 36 unbalanced, XYY unbalanced, XYY 141,553 0.157
37 37 unbalanced,XY,+13 unbalanced,XY,+13 135,030 0.170
38 38 unbalanced,XY,+13 unbalanced,XY,+13 141,076 0.164
39 39 unbalanced,XY,+18 unbalanced,XY,+18 179,381 0.161

40 40 unbalanced,XY,+18 unbalanced,XY,+18 125,481 0.182
41 41 unbalanced,XY,+21 unbalanced,XY,+21 135,749 0.195
42 42 unbalanced,XY,+21 unbalanced,XY,+21 111,040 0.186
43 43 balanced,XX balanced,XX 193,936 0.143
44 44 balanced,XX balanced,XX 234,345 0.138
45 45 balanced, XY balanced,XY 208,501 0.187
46 46 balanced, XY balanced,XY 155,989 0.153
47 47 unbalanced,XX,+22 unbalanced,XX,+22 173,663 0.151
48 48 unbalanced,XX,+22 unbalanced,XX,+22 168,681 0.158

Summary of validation results

100%, n=48/48;(95%C|=93.41-98.24)
100%, n=1104/1104;95%C|=99.75-99.95
100.0% (n=46/46,95%C|=92.29-100.00)

100% (n=1058/1058;95%Cl=99.65-100.00)

Concordant diagnosis per sample
Concordant diagnosis per chromosome
Sensitivity per chromosome
Specificity per chromosome

A: Validation data of whole chromosome aneuploid detection from cell lines with known whole chromosome
alterations.



B

Barcode| Sample ID Karyotype TE1 Length Karyotype TE2 READS |MAPD
1 01 unbalanced,XY,del(15)(q11.2q13) | 7.8 Mb unbalanced,XY,del(15)(q11.2q13) 328,338 |0.195
2 02 unbalanced,XX,del(5)(p15.3)pat.ish | 5.8Mb | unbalanced,XY,del (5)(p15.33p15.32) | 303,345 |0.138
3 03 unbalanced,XY,del(5)(p15.2p14) |6.1 Mb unbalanced,XY,del(5)(p15.31p14.3) 259,805 |0.156
4 04 unbalanced,XY,del(20)(p12p11.2) |5.8Mb | unbalanced,XY,del(20)(p12.2p11.23) | 418,440 |0.114
5 05 unbalanced,XY,del(15)(q11.2q13) | 7.8 Mb unbalanced,XY,del(15)(q11.2q13) 260,634 [0.146
6 06 unbalanced,XX,del(5)(p15.3)pat.ish | 5.8Mb | unbalanced,XX,del(5)(p15.33p15.32) |171,997 |0.149
7 07 unbalanced,XY,del(5)(p15.2p14) |6.1 Mb unbalanced,XY,del(5)(p15.31p14.3) | 128,956 |0.176
8 08 unbalanced,XY,del(20)(p12p11.2) |5.8Mb | unbalanced,XY,del(20)(p12.2p11.23) |190,785 |0.126
9 09 unbalanced,XY,del(15)(q11.2q13) | 7.8 Mb unbalanced,XY,del(15)(q11.2q13) 159,202 |0.116
10 10 unbalanced,XX,del(5)(p15.3)pat.ish | 5.8Mb | unbalanced,XY,del(5)(p15.33p15.32) | 356,937 |0.126
11 11 unbalanced,XY,del(5)(p15.2p14) |6.1 Mb unbalanced,XY,del(5)(p15.31p14.3) 198,055 [0.126
12 12 unbalanced,XY,del(20)(p12p11.2) (5.8 Mb unbalanced,XY,del(20)(p12p11.2) 102,049 | 0.12
13 13 unbalanced,XY,del(15)(q11.2q13) [ 7.8 Mb unbalanced,XY,del(15)(q11.2q13) 328,338 |0.195
14 14 unbalanced,XX,del(5)(p15.3)pat.ish | 5.8Mb unbalanced,XY,del (5)(p15.33p15.32) | 303,345 [0.138
15 15 unbalanced,XY,del(5)(p15.2p14) 6.1 Mb unbalanced,XY,del(5)(p15.31p14.3) 259,805 [0.156
16 16 unbalanced,XY,del(20)(p12p11.2) (5.8 Mb unbalanced,XY,del(20)(p12.2p11.23) | 418,440 (0.114
17 17 unbalanced,XY,del(15)(q11.2q13) [ 7.8 Mb unbalanced,XY,del(15)(q11.2q13) 260,634 |0.146
18 18 unbalanced,XX,del(5)(p15.3)pat.ish | 5.8Mb unbalanced,XX,del(5)(p15.33p15.32) 171,997 [0.149
19 19 unbalanced,XY,del(5)(p15.2p14) 6.1 Mb unbalanced,XY,del(5)(p15.31p14.3) 128,956 (0.176
20 20 unbalanced,XY,del(20)(p12p11.2) (5.8 Mb unbalanced,XY,del(20)(p12.2p11.23) [190,785 (0.126
21 21 unbalanced,XY,del(15)(q11.2q13) [ 7.8 Mb unbalanced,XY,del(15)(q11.2q13) 159,202 (0.116
22 22 unbalanced,XX,del(5)(p15.3)pat.ish | 5.8Mb unbalanced,XY,del(5)(p15.33p15.32) 356,937 | 0.126
23 23 unbalanced,XY,del(5)(p15.2p14) 6.1 Mb unbalanced,XY,del(5)(p15.31p14.3) 198,055 [0.126
24 24 unbalanced,XY,del(20)(p12p11.2) (5.8 Mb unbalanced,XY,del(20)(p12p11.2) 102,049 | 0.12

Summary of validation results
Concordant diagnosis per sample 100%, n=24/24;(95%Cl=85.75-100.00)
Concordant diagnosis per chromosome 100%, n=552/552;(95%Cl1=99.33-100.00)
Sensitivity per chromosome 100%, n=24/24;(95%Cl=85.75-100.00)
Specificity per chromosome 100%, n=528/528(;95%Cl1=99.30-100.00)

B: Validation data of segmental aneuploid detection from cell lines with known sub-chromosomal alterations.

C
Bar [Sample| Abnormal parental . . .
P P First biopsy result READS|MAPD| Second biopsy result results |READS| MAPD
code ID Karyotype
) ) unbalanced,XX,del(7)(p22.3p14.3), unbalanced,XX,del(7)(p22.3p14.3),
1 01 46,XX,t(7;18)(p14;921.3) dup(18)(q21.32q23) 113,812 0.185 dup(18)(q21.32q23) 202,171| 0.131
2 02 46,XY,t(1;16)(p34;p13.3) [unbalanced,XY,del(1)(1p36.33p34.3)[252,551| 0.156 [unbalanced,XY,del(1)(1p36.33p34.3)[255,934| 0.15
unbalanced,XY, del(8)(q24.13q24.3), unbalanced,XY, del(8)(q24.13q24.3),
;22)(g24;911 2 161 2 2| 0.1
3 03 46,XY,t(8;22)(q24;q11) dup(22q11.1913.33) 37,043/ 0.16 dup(22q11.1913.33) 03,842/ 0.145
) unbalanced,XX,dup(1)(g23.3q44), unbalanced,XX,dup(1)(g23.3q44),
4 04 46,XX,t(1;4)(q21p14) del(4)(p16.3p15.2) 302,629( 0.137 del(4)(p16.3p15.2) 263,016| 0.14
unbalanced,XX,dup(7)(p22.3p11.1), unbalanced,XX,dup(7)(p22.3p11.1),
;1 11.1;911.1 21 a1 2 1
> 05 | 46XVH(7;18)(q11.1;g11.1) del(18)(p11.32p11.21) 3,837) 0.159 del(18)(p11.32p11.21) 75,063| 0.146
) ) unbalanced,XX,del(5)(p13.3935.3), unbalanced,XX,del(5)(p13.3935.3),
6 06 46,XY,1(5;10)(p13;911.2) dup(10)(p15.3q11.23) 263,529 0.163 dup(10)(p15.3q11.23) 349,467| 0.15
7 07 46,XX,t(6;8)(921;924.1) unbalanced,XY,dup(6)(q21g27) |137,716| 0.155 unbalanced,XY,dup(6)(q21g27) [206,620| 0.165
unbalanced,XX,del(11)(p15.5p12), unbalanced,XX,del(11)(p15.5p12),
11;1 11.2;921.1 A 2 2| 0.1
8 08  |46,XX,t(11;18)(p ;9 ) dup(18)(g21.32923) 389,210( 0.136 dup(18)(q21.32q23) 55,902| 0.137
) . unbalanced,XX,del(4)(q27q35.2), unbalanced,XX,del(4)(q27q35.2),
9 09 46,XY,t(4;7)(q27;p15) dup(7)(p22.3p14.3) 333,194( 0.141 dup(7)(p22.3p14.3) 265,908| 0.137
unbalanced,XX,dup(2)(p25.3935) unbalanced,XX,dup(2)(p25.3qg35)
10 10 46,XX,t(2;13)(933;912) |del(2)(935937.3),del(13)(q11q14.1),|255,555| 0.153 |del(2)(q35q37.3),del(13)(q11q14.1),|234,603| 0.154
dup(13)(q14.11q34) dup(13)(q14.11q34)

C: Validation data of know meiotic segmental aneuploidies detected with PGT-SR in trophectoderm rebiopsies.




Table S2: Complete overview of blastocyst profiles from aneuploid and euploid cTE samples.

Emll:)rvo Eg::x° Pj:':e"' ICM biopsy Clinical TE biopsy Segmental length (Mb) TE2 TE3 TE4
C01 S5AB 25 unbalanced,XX,-4 unbalanced,XX,del(4)(p16.3g31.1) 141.21-49.82 unbalanced,XX,del(4)(q31.1935.2) unbalanced,XX,del(4)(q31.1935.2) unbalanced,XX,-4
C02 SAA 28 unbalanced,XY,dup(9)(p24.3q22.2) unbalanced,XY,dup(9)(p24.3q22.2) 92.33 unbalanced,XY,dup(9)(p24.3q22.2) unbalanced,XY,dup(9)(p24.3g22.2) unbalanced,XY,dup(9)(p24.3q22.2)
C03 S5AB 33 unbalanced,XX,del(9)(p24.3p13.1) unbalanced,XX,del(9)(p24.3p13.1) 39.6 unbalanced,XX,del(9)(p24.3p13.1) unbalanced,XX,del(9)(p24.3p13.1) unbalanced,XX,del(9)(p24.3p13.1)
Cco4 5BB 39 unbalanced,XY,-17,dup(20)(p13p11.1) unbalanced,XY,-17,dup(20)(p13p11.1) 26.260 unbalanced,XY,-17,dup(20)(p13p11.1) unbalanced,XY,-17,dup(20)(p13p11.1) unbalanced,XY,-17,dup(20)(p13p11.1)
C05 5BB 32 unbalanced,XY,del(3)(q11.1g29) unbalanced,XY,del(3)(q11.1q29) 104.46 unbalanced,XY,del(3)(q11.1q29) unbalanced,XY,del(3)(q11.1929) unbalanced,XY,del(3)(q11.1q29)
C06 SAA 32 unbalanced,XY,del(2)(p25.3p11.2) unbalanced,XY,del(2)(p25.3p11.2) 89.62 unbalanced,XY,del(2)(p25.3p11.2) unbalanced,XY,del(2)(p25.3p11.2) unbalanced,XY,del(2)(p25.3p11.2)
Cco7 SAA 32 unbalanced,XY,dup(2)(q11.1937.3) unbalanced,XY,dup(2)(q11.1937.3) 147.78 unbalanced,XY,dup(2)(q11.1937.3) unbalanced,XY,dup(2)(q11.1937.3) unbalanced,XY,dup(2)(q11.1937.3)
C08 SAA 24 unbalanced,XY,del(6)(q25.3q27) unbalanced,XY,del(6)(q25.3q27) 12.59 unbalanced,XY,del(6)(q25.3q27) unbalanced,XY,del(6)(q25.3927) unbalanced,XY,del(6)(q25.3q27)
C09 5BB 40 unbalanced,XX,del(4)(p16.3p13) unbalanced,XX,del(4)(p16.3p13) 41.55 unbalanced,XX,del(4)(p16.3p13) unbalanced,XX,del(4)(p16.3p13) unbalanced,XX,del(4)(p16.3p13)
C010 5BB 23 unbalanced,XY,del(8)(p23.3p11.1) unbalanced,XY,del(8)(p23.3p11.1) 43.78 unbalanced,XY,del(8)(p23.3p11.1) unbalanced,XY,del(8)(p23.3p11.1) unbalanced,XY,del(8)(p23.3p11.1)
C011 5BC 33 unbalanced,XY,del(4)(q27935.2) unbalanced,XY,del(4)(q27935.2) 69.75 unbalanced,XY,del(4)(q27935.2) unbalanced,XY,del(4)(q27935.2) unbalanced,XY,del(4)(q27q35.2)
C012 5BB 37 unbalanced,XX,del(9)(p24.3p12) unbalanced,XX,del(9)(p24.3p12) 42.60 unbalanced,XX,del(9)(p24.3p12) unbalanced,XX,del(9)(p24.3p12) unbalanced,XX,del(9)(p24.3p12)
C013 5BB 26 unbalanced,XX,del(3)(p26.3p25.1) unbalanced,XX,del(3)(p26.3p25.1) 16.023 unbalanced,XX,del(3)(p26.3p25.1) unbalanced,XX,del(3)(p26.3p25.1) unbalanced,XX,del(3)(p26.3p25.1)
C014 6AB 40 unbalanced,XY,+15,del(8)(q22.3g24.3) unbalanced,XY,+15,del(8)(q22.3924.3) 40.59 unbalanced,XY,+15,del(8)(q22.3924.3) unbalanced,XY,+15,del(8)(q22.3q24.3) unbalanced,XY,+15,del(8)(q22.3g24.3)
C015 5CB 22 unbalanced,XY,del(5)(p15.33p14.1) unbalanced,XY,del(5)(p15.33p14.1) 27.86 unbalanced,XY,del(5)(p15.33p14.1) unbalanced,XY,del(5)(p15.33p14.1) unbalanced,XY,del(5)(p15.33p14.1)
C016 3BB 26 unbalanced,XY,del(18)(q12.1g23) unbalanced,XY,del(18)(q12.1q23) 45.68 unbalanced,XY,del(18)(q12.1q23) unbalanced,XY,del(18)(q12.1q23) unbalanced,XY,del(18)(q12.1q23)
C017 AAA 39 unbalanced,XY,+16,del(11)(p15.5p12) unbalanced,XY,+16,del(11)(p15.5p12) 40.80 unbalanced,XY,+16,del(11)(p15.5p12) unbalanced,XY,+16,del(11)(p15.5p12) unbalanced,XY,+16,del(11)(p15.5p12)
C018 4BB 43 unbalanced,XX,+1,-4,-6,+22 unbalanced,XX,+1,-6,+22,del(4)(q25q35.2) 81.71 unbalanced, XX, +1,+22 unbalanced,XX,-4,-6,+22 unbalanced,XX,+1,-4,-6,+22
€020 S5AB 33 unbalanced,XX,dup(9)(p12q34.3) unbalanced,XX,dup(9)(p12q34.3) 99.74 unbalanced,XX,dup(9)(p12q34.3) unbalanced,XX,dup(9)(p12q34.3) balanced, XX
€021 SAA 39 unbalanced,XX,+15,+16,del(8)(q24.13924.3) unbalanced,XX,+15,+16,del(8)(q24.13g24.3) 20.57 unbalanced,XX,+15,+16 unbalanced,XX,+15,+16,del(8)(q24.13qg24.3) unbalanced,XX,+15,+16,del(8)(q24.13924.3)
C022 SAA 31 unbalanced,XX,del(7)(q11.23936.3) unbalanced,XX,del(7)(q11.23¢g36.3) 86.537 balanced, XX unbalanced,XX,del(7)(q11.23¢g36.3) unbalanced,XX,del(7)(q11.23936.3)
C023 S5AB 21 unbalanced,XY,dup(17)(q12g25.3) unbalanced,XY,dup(17)(q12q25.3) 46.46 balanced, XY unbalanced,XY,dup(17)(q12g25.3) balanced, XY
C024 5BB 29 unbalanced,XX,del(3)(q13.11q29) unbalanced,XX,del(3)(q13.11g29) 92.40 balanced, XX unbalanced,XX,del(3)(q13.11q29) balanced, XX
C025 SAA 39 unbalanced,XX,+15,+16,dup(8)(p23.3q24.13) unbalanced,XX,+15,+16,dup(8)(p23.3q24.13) 124.74 unbalanced,XX,+15,+16 unbalanced, XX,+15,+16 unbalanced,XX,+15,+16
C026 S5AB 26 unbalanced,XY,del(1)(q31.1q44) unbalanced,XY,del(1)(q31.1q44) 59.10-44.99-104.09 unbalanced,XY,del(1)(q31.1q44) unbalanced,XY,del(1)(q21.1g44), unbalanced,XY,dup(1)(q32.1q44)
C027 5BB 39 unbalanced,XX,del(7)(q22.3q36.3) unbalanced,XX,dup(7)(p22.3p11.1) 50.64-57.77-97.16 unbalanced,XX,del(7)(q31.1936.3) unbalanced,XX,del(7)(q11.21¢36.3) unbalanced,XX,-7
C029 5CB 26 unbalanced,XX,del(4)(p16.3q26) unbalanced,XX,del(4)(4927935.2) 117.29-69.754-113.30 unbalanced,XX,del(4)(q27q35.2) unbalanced,XX,dup(4)(p16.3G25) unbalanced,XX,-4
C030 S5AB 29 balanced, XY unbalanced,XY,del(5)(p15.33p11) 46.40 unbalanced,XY,del(5)(p15.33p11) unbalanced,XY,del(5)(p15.33p11) unbalanced,XY,del(5)(p15.33p11)
C031 5BB 37 balanced, XX unbalanced,XX,del(1)(p36.33p36.11) 25.12 unbalanced,XX,del(1)(p36.33p36.11) unbalanced,XX,del(1)(p36.33p36.11) unbalanced,XX,del(1)(p36.33p36.11)
C032 5BB 32 balanced, XY unbalanced,XY,dup(4)(q13.3935.2) 115.59-93.66 unbalanced,XY,del(4)(q22.3935.2) balanced, XY unbalanced,XY,-4
C033 6BB 26 balanced, XX unbalanced,XX,dup(9)(q21.11q34.3) 70.32 unbalanced,XX,dup(9)(q21.11g34.3) balanced, XX unbalanced,XX,dup(9)(q21.11q34.3)
C034 SAA 30 balanced, XY unbalanced,XY,del(12)(q21.31g24.33) 52.28 unbalanced,XY,del(12)(q21.31g24.33) unbalanced,XY,del(12)(q21.31g24.33) balanced, XY
C035 SAA 37 balanced, XX unbalanced,XX,dup(7)(p22.3p14.1) 40.07 balanced, XX balanced, XX balanced, XX
C036 5BB 29 balanced, XX unbalanced,XX,dup(4)(q21.22q35.2) 107.62 balanced, XX balanced, XX balanced, XX
C037 5BB 29 balanced, XX unbalanced,XX,dup(8)(p23.3p22) 14.11 balanced, XX balanced, XX balanced, XX
C039 S5AB 37 unbalanced,XX,+21 unbalanced,XX,+21,del(4)(q32.1935.2) 33.88 unbalanced,XX,+21 unbalanced, XX,+21 unbalanced,XY,+21
C040 S5AB 21 balanced, XY unbalanced,XY,dup(X)(q24928) 34.86 balanced, XY balanced, XY balanced, XY
C041 SAA 28 balanced, XX unbalanced,XX,dup(4)(q34.3935.2) 11.96 balanced, XX balanced, XX balanced, XX
C042 5BB 29 balanced, XX unbalanced,XX,dup(11)(q13.3925) 65.17 balanced, XX balanced, XX balanced, XX
C043 S5AB 29 balanced, XY unbalanced,XY,dup(1)(p36.33p36.13) 16.60 balanced, XY balanced, XY balanced, XY
C044 5BB 45 unbalanced,X0,-9,+12,-14 unbalanced,X0,-9,+12,-14,dup(6)(p25.3p22.3) 22.01 unbalanced,X0,-9,+12,-14 unbalanced,X0,-9,+12,-14 unbalanced,X0,-9,+12,-14
C045 S5AB 39 balanced, XX unbalanced,XX,del(8)(q11.23g24.3) 90.53 balanced, XX balanced, XX balanced, XX
C046 S5AB 25 unbalanced,XY,+2 unbalanced,XY,+2,del(1)(p36.33p36.13) 16.60 unbalanced,XY,+2 unbalanced,XY,+2 unbalanced,XY,+2
C047 SAA 22 balanced, XY unbalanced,XY,dup(9)( p24.3p2) 13.88 balanced, XY balanced, XY balanced, XY
€048 SAA 22 balanced, XY unbalanced,XY,del(10)(q25.126.3) 27.76 balanced, XY balanced, XY balanced, XY
C049 S5AB 26 balanced, XX unbalanced,XX,dup(16)(q11.2q24.3) 43.91 balanced, XX balanced, XX balanced, XX
C050 3BB 26 balanced, XY unbalanced,XY,dup(9)(q21.11g34.3) 70.31 balanced, XY balanced, XY balanced, XY
C051 SAA 36 balanced, XX unbalanced,XX,dup(16)(q11.2q24.3) 43.90 balanced, XX balanced, XX balanced, XX
C052 6BC 21 balanced, XY unbalanced,XY,dup(17)(q22q25.3) 30.65 balanced, XY balanced, XY balanced, XY
C053 5BB 32 balanced, XY unbalanced,XY,dup(3)(p26.3p11.1) 90.44 balanced, XY balanced, XY balanced, XY
C054 5BB 35 unbalanced,XX,-22 unbalanced,XX,-22,dup(6)(q14.1q27) 94.30 unbalanced,XX,-22 unbalanced,XX,-22 unbalanced,XX,-22
C055 5BB 29 balanced, XX balanced,XX,dup(10)(q22.2q26.3) 59.94 balanced, XX balanced, XX balanced, XX




C056 S5AB 29 balanced, XX balanced,XX,dup(X)(q21.1q28) 76.18 balanced, XX balanced, XX balanced, XX
C057 6BB 36 balanced, XY balanced, XY balanced, XY unbalanced,XY,+8 balanced, XY
C058 SAA 23 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C059 SAA 23 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C060 5BA 23 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C061 SAA 23 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C062 5BB 36 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C063 S5AB 23 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C064 SAA 23 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C065 SAA 31 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C066 S5AB 36 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C067 4BB 31 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C068 S5AB 36 balanced, XX balanced, XX 60.51 balanced, XX unbalanced,XX,dup(6)(6921q27) unbalanced,XX,del(6)(6g21g27)
C069 SAA 38 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C070 A4AA 26 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C072 4BB 25 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C073 A4AA 25 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C074 5BB 34 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C075 SAA 34 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C076 5BC 33 balanced, XX balanced, XX balanced, XX balanced, XX unbalanced,XX,+14
C077 5BC 33 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C077 S5AB 33 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C079 S5AB 34 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C080 S5AB 34 balanced, XY balanced, XY balanced, XY balanced, XY balanced, XY
C081 S5AB 34 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX
C082 S5AB 34 balanced, XX balanced, XX balanced, XX balanced, XX balanced, XX




Table S3: Logistic regression analysis using confirmation occurrence as independent variable
to assess the co-variates involved in segmental aneuploidy confirmation following cTE biopsy
diagnosis.

95% C.l.for EXP(B)
B S.E. df Sig. Exp(B) Lower Upper
center(1) -.445 .612 1 468 .641 193 2127
morpho 3 .804
.021 .784 1.021 .220 4.745
morpho(good) 1 .978
morpho(average) -.256 .798 1 .748 774 162 3.702
morpho(poor) .275 .753 1 .715 1.317 .301 5.766
dayOfBiopsy 2 .991
) .061 .831 1.063 .208 5.420
dayOfBiopsy(6) 1 .941
dayOfBiopsy(7) .098 .763 1 .898 1.103 .247 4.919
FemaleAge .050 .042 1 .236 1.051 .968 1.142
sperm(1) -.409 470 1 .385 .664 .264 1.670
Male Age -.012 .028 1 676 .988 .936 1.044
Confirmed in second 3.65 912 1 .000| 38.719 6.485 231.169
TE
Segmental Size .012 .006 1 .047 1.028 1.000 1.056
Constant -1.442 2.136 1 500| .003| 0%
95% Confidence Interval for
Mean
N Mean Std. Deviation | Lower Bound | Upper Bound | Minimum | Maximum
not 52 | 46.9148 34.55395 37.2949 56.5347 .00 125.93
confirmed
cofirmed 56 | 60.4070 33.87579 51.3350 69.4790 12.59 147.78
Total 108 | 53.9107 34.71073 47.2895 60.5320 .00 147.78




Table S4: Demographic data of the study population

Number of couples producing blastocysts with
segmental aneuploidies, n

53

Maternal age, mean * SD (min-max)

38+ 3 (31-44) yr

Duration of infertility, mean + SD (min-max)

3+2(1-10) yr

Cause of Infertility, %

Idiopathic, 54%
Tubal factor, 7%
Endometriosis, 11%
Endocrine-ovulatory, 4%
Male factor, 24%

Basal Follicle Stimulating Hormone, mean £ SD (min-
max)

7 4 (3-11) 1U/I

Basal Anti-Mullerian Hormone, mean + SD (min-max)

2 +1(0.5-5) ng/ml

Body Mass Index

20 + 3 (16-23)

Paternal age, mean % SD (min-max)

40 +5 (33-53) yr

Sperm factor, %

Normozoospermic, 51%
Moderate male factor, 25%
Severe male factor, 24%
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