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KEY MESSAGE
The ability to predict embryo ploidy using morphokinetic analysis or time-lapse selection algorithms is effective for
detecting monosomies and complex aneuploidies. However, embryos with trisomies involving small and medium
chromosomes are indistinguishable from euploid embryos.

ABSTRACT
Research question: How does the genetic constitution of embryos impact the accuracy and effectiveness of time-lapse ploidy
detection?

Design: A retrospective analysis of chromosomal constitution, morphokinetic characteristics and embryo grading was
conducted on 1012 embryos, originating from 386 intracytoplasmic sperm injection cycles at a single clinic. Morphokinetic
checkpoints of pronuclear fading, cleavage stages and post-cleavage stages � including start of compaction; time to compacted
morula; time to start of blastulation; and time to full, expanded and hatching blastocyst � were recorded for all analysed
embryos. Morphokinetic profiles of 363 euploid embryos were used as reference to analyse 649 embryos with aneuploidies,
according to their level of gain or loss of chromosomal material. Embryo grading was performed using commercially available
time-lapse-based algorithmic embryo selection tools.

Results: Embryos with loss of genetic material and embryos with multiple aneuploidies exhibited consistent developmental
delays that accumulated and became significant at the time of blastulation. In contrast, embryos with chromosomal gains
displayed a morphokinetic profile almost identical to that of euploid embryos. Subset analyses suggested that aneuploidies of
large chromosomes tend to have a greater impact on the morphokinetic profile. Time-lapse-based algorithmic or artificial
intelligence scoring downgraded blastocysts with loss of chromosomal material or with complex aneuploidies, but discrimination
potential was not observed between embryos with gain of chromosomes and euploid embryos.
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Conclusions: Embryos with extra chromosomes show similar morphokinetic patterns to euploid embryos, reducing the
effectiveness of non-invasive selection tools. However, embryos with monosomies or multiple aneuploidies experience
significant delays in reaching blastulation, and generally score lower on time-lapse selection algorithms.
INTRODUCTION
n the pursuit of enhancing outcomes in
assisted reproductive technology, two
primary approaches have emerged and
expanded in the last decade as key

drivers of innovation: preimplantation
genetic testing for aneuploidy (PGT-A) and
time-lapse embryo culture. Aneuploidy in
embryos, a major contributor to failed
implantation and pregnancy loss (Pirtea
et al., 2021), has prompted the
development of PGT-A, a genetic
screening procedure based on invasive
retrieval of embryonic cells, aimed at
selecting chromosomally normal (euploid)
embryos in preference to those with
abnormal chromosomal make-up.
Extensive data demonstrate the benefits of
PGT-A, especially for women of advanced
maternal age (Spinella et al., 2023),
contributing to a general reduction in the
miscarriage rate across the population
(Simopoulou et al., 2021).

Simultaneously, time-lapse-based
incubation, which involves continuous
monitoring of embryonic development,
has transformed embryo selection by
integrating precise timing of
developmental morphokinetics to enhance
the likelihood of selecting embryos with
optimal pregnancy potential (Fishel et al.,
2017; Pribenszky et al., 2017). This real-time
observation allows for the detection of
crucial developmental milestones,
potentially reducing the need for invasive
genetic testing by extrapolating indicators
of chromosomal health. Algorithmic
grading based on morphokinetic
assessment throughout embryo
development has been shown to improve
post-embryo transfer outcomes in terms
of clinical pregnancy (Tartia et al., 2022)
and live birth rates (Fishel et al., 2017).
Although discrimination potential has been
identified exploring various clinical factors
in relation to the morphokinetic profile of
human embryos, including women’s age
and body mass index (Kirkegaard et al.,
2016), incidence of polycystic ovary
syndrome (PCOS) (Schachter-Safrai et al.,
2021), type of ovarian stimulation (Mu~noz
et al., 2013), quality of ovarian stimulation
treatment by means of oocyte maturation
rate (Setti et al., 2022), quality of
spermatozoa used for insemination
(Kahraman et al., 2020), and utilization of
fresh versus frozen/thawed oocytes (De
Gheselle et al., 2020;Montgomery et al.,
2023), the most sought after is likely the
correlation between morphokinetic
behaviour and embryo ploidy.

The quest to harness morphokinetic
profiling as a non-invasive ploidy and
viability predictor has garnered substantial
attention in reproductive research. Even
before the implementation of time-lapse
morphokinetics, oocyte morphology
(Kahraman et al., 2000; Navarro et al.,
2009; Rienzi et al., 2005), cleavage stage
embryos (Munn�e, 2006) and blastocyst
morphology (Capalbo et al., 2014) were
assessed for their relationship with
aneuploidy. Initial time-lapse aneuploidy
studies showed that the use of early-stage
milestones, such as time to pronuclear
fading (tPNF), time to reach two and five
cells (Chawla et al., 2015), and the length
of initial cell cycles (Basile et al., 2014), may
increase the probability of selecting
euploid embryos. Blastomere symmetry of
four-cell embryos (Shenoy et al., 2021) and
early cleavage dynamics (Chavez et al.,
2012) were also shown to improve
selection algorithms in relation to ploidy.

With the expansion of prolonged embryo
culture to the blastocyst stage, clinical
practice shifted from single blastomere
biopsy to trophectoderm biopsy (Qi et al.,
2014). Consequently, the morphokinetic
ploidy approach has focused increasingly
on the later stages of embryo
development. Time to start of blastulation
(tSB) was proposed early on as the main
parameter for ploidy discrimination
algorithms (Campbell et al., 2013a,b),
although later studies have shown that this
single parameter approach is insufficient
(Kirkegaard et al., 2014; Kramer et al.,
2014). Nevertheless, studies have shown
that although morphokinetic differences
may emerge early in the cleavage stages,
more significant time delays between
euploid and aneuploid embryos can be
observed in the post-compaction stages
(Kirkegaard et al., 2016;Martín et al.,
2021). The addition of variables assessed
during the compaction, morula and
blastulation stages of embryo
development, a poorly characterized
developmental period, before the
introduction of time-lapse morphokinetics
was shown to have ploidy discrimination
potential (De Martin et al., 2024; Hori et
al., 2023; Huang et al., 2019; Hur et al.,
2023; Ivec et al., 2011;Mumusoglu et al.,
2017a).

Further improvements in selecting
embryos for clinical pregnancy were
achieved by incorporating newly
developed artificial intelligence (AI)
selection tools (Berntsen et al., 2022; Tran
et al., 2019) which make use of the imaging
created by time-lapse incubation to
incorporate details that exceed
morphokinetic checkpoint annotations,
and information that is otherwise difficult
to quantify by regular observation, in their
algorithms. Despite constant emergence
and improvement of these technological
features, time-lapse-based ploidy detection
is still at an unsatisfactory level (Banford et
al., 2023; Kirkegaard et al., 2014;
Rajendran et al., 2023), with the greatest
limitation being the significant overlap in
morphokinetic patterns between euploid
and abnormal embryos. Even
incorporation of clinical parameters into
algorithm design (Mumusoglu et al., 2017b;
Zou et al., 2022) has not fully resolved
these issues (Kato et al., 2023; Lee et al.,
2019), likely due to various confounding
factors (Barrie et al., 2021; Kirkegaard et
al., 2016).

To understand the nature of these
limitations, contemporary research is
delving deeper in the finer details of the
genetic architecture of the embryo.
Mosaic embryos have been shown to have
an intermediary morphokinetic signature
between euploid and aneuploid embryos
(Martín et al., 2021; Zou et al., 2024). Both
decreased morphological grading and
delayed morphokinetics in embryos have
been associated with increasing complexity
of chromosome disorders (Hori et al.,
2023; Del Carmen Nogales et al., 2017) or
the presence of unbalanced chromosomal
translocations (Amir et al., 2019), while
small subsets of embryos bearing non-fatal
trisomies show similar morphokinetic
patterns to euploid embryos (Hori et al.,
2023).

The aim of this study was to scrutinize the
morphokinetic behaviour of euploid
embryos, and compare this with the
behaviour of embryos harbouring specific
aneuploid compositions, with regards to
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the levels of gain or loss of nuclear
chromosomal material, in order to
determine whether specific morphokinetic
traits could serve as reliable sentinels for
morphokinetic detection of embryo
ploidy.
MATERIALS AND METHODS

Patients
This study was a retrospective analysis of
1012 PGT-A-tested blastocysts resulted
from 386 treatment cycles of 286
couples attending a private IVF clinic
(Sims IVF, Dublin, Ireland) from June
2018 to June 2023. All available cycles
with at least one blastocyst biopsied
successfully for aneuploidy testing were
included in this study, with the
exception of cycles using frozen or
donor oocytes. Advanced maternal age
was the main clinical indication for PGT-
A [�38 years, 48.7% (188/386)], followed
by multiple miscarriages [16.8% (65/
386)] and multiple implantation failures
[12.4% (48/386)]. Multiple indications
accounted for 22% of cycles (85/386).
The average age of the female partner at
the time of egg retrieval was 39.6 years.
All patients consented to the use of
anonymized data for research purposes.
The study was approved by the Virtus
Group IVF Australia Ethics Committee
(Project No. 193, approval date 28
August 2023).

Oocyte retrieval, denudation and ICSI
Ovarian stimulation was performed with
standard short antagonist or long agonist
protocols using gonadotrophins (Gonal-
F, Luveris and Pergoveris; all Merck
Serono, USA). Transvaginal ultrasound-
guided oocyte retrieval was performed
under sedation with a combination of
Hypnoval (Roche, Switzerland),
morphine (Unipharm, Ireland) and
Zofran (GSK, Ireland), 35�36 h following
human chorionic gonadotrophin
injection (10,000 IU Pregnyl, Organon,
UK; or Ovitrelle, Merck Serono) or
agonist trigger (Suprefact 1 mg/ml;
Sanofi, France), using a single lumen
aspiration needle (Wallace; Cooper
Surgical, UK) connected to a vacuum
pump (Rocket Medical, UK).

Oocyte�cumulus complexes were
recovered from follicular aspirates using a
stereomicroscope in a Class II hood with a
heated stage, washed in G-MOPS
(Vitrolife, Sweden) and cultured in G-IVF
PLUS (Vitrolife) at 37.0°C in 6% CO2, 5%
O2 and 89% N2 for up to 2 h before
cumulus cell denudation in HYASE-10X
(Vitrolife) with a 130�133 glass pipette
(Vitrolife). Metaphase II oocytes were
further cultured in G-TL (Vitrolife) and
injected with a single spermatozoon
40�42 h post trigger.

Fertilization and embryo culture
Fertilization assessment was performed
16�18 h after intracytoplasmic sperm
injection (ICSI), and 2PN fertilized zygotes
were placed individually in microwells of
EmbryoSlides (Unisense; Fertilitech,
Denmark) in G-TL culture media overlaid
with mineral oil (OVOIL; Vitrolife). A
subset of 344 embryos was incubated in a
time-lapse incubator immediately after
ICSI insemination. EmbryoSlides were
placed into the Embryoscope+ time-lapse
incubator at 37.0°C, 6% CO2, 5% O2 and
89% N2 for up to 148 h of culture post
insemination. All culture media dishes
prepared were equilibrated at least 6 h
before use.

Trophectoderm biopsy
All biopsies were performed on fresh
blastocysts on day 5 or day 6 following
oocyte collection. Zona breaching was
performed routinely at the time of
biopsy by laser ablation. On average, five
to 10 cells were biopsied and
subsequently transferred to sterile,
DNA- and RNA-free polymerase chain
reaction tubes. All samples were frozen
before shipment to the testing facility
(Repromeda S.r.o, Brno, Czech
Republic) The minimum stage and
quality criteria for selection of
blastocysts for biopsy and vitrification
was the equivalent of 3BB according to
the Gardner and Schoolcraft grading
system (Gardner and Schoolcraft, 1999).

All embryos were biopsied in individual
dishes in G-MOPS buffered medium
(Vitrolife), using biopsy micropipettes with
an inner diameter of 25�30 mm, on
inverted microscopes equipped with
Integra 3 Micromanipulator and Saturn 5
Active laser (Research Instruments,
Cooper Surgical, UK).

Pre-implantation genetic screening
Individual biopsy samples were amplified
using multiple displacement amplification
according to the manufacturer’s manual
(REPLI-g single cell kit; Qiagen, Germany).
Amplification success was checked on 1%
agarose/0.5 x tris-borate-
ethylenediaminetetraacetic acid for the
presence of a DNA smear typically greater
than 10 kb. Preimplantation genetic
diagnosis of chromosome abnormalities
was performed using massively parallel
sequencing (next-generation sequencing)
on a DOplify whole-genome amplification
platform.

Embryo categorization
Based on PGT-A results, blastocysts were
classified into five groups: euploid (no
abnormal genetic findings), monosomic
(bearing one or two whole chromosome
monosomies or segmental losses in
uniform or mosaic state), trisomic (bearing
one or two whole chromosome trisomies
or segmental gains in uniform or mosaic
state), mixed (bearing one whole
chromosome monosomy or segmental
loss and one whole chromosome trisomy
or segmental gain, in uniform or mosaic
state) and complex (bearing three or more
abnormal genetic findings).

To explore how aneuploidies of varying
chromosome sizes influence
morphokinetic patterns, trisomic and
monosomic embryos bearing a single
aneuploidy were further divided into
subgroups based on the chromosome size
(large, medium or small).

A validation and concordance study of the
PGT-A platform, as published previously
(Navratil et al., 2020), demonstrated a
98.3% detection rate for segmental
aneuploidies within the range of seven to
31 Mb, providing robust evidence of the
platform’s accuracy in identifying
segmental gains and losses.

Evaluation of embryo development and
time-lapse-based embryo grading
All morphokinetic annotations and
blastocyst grading according to Gardner
and Schoolcraft’s system (Gardner and
Schoolcraft, 1999) were performed by a
single experienced embryologist blinded
to the PGT-A outcomes of the tested
embryos. Time-lapse images were
collected every 10 min throughout
embryo culture to the time of embryo
biopsy. Insemination time was recorded
as the time of moving the denuded
oocyte into the ICSI dish + 5 min. The
exact timing of variables was annotated
as described elsewhere (Ciray et al.,
2014): tPNf; divisions to two, three, four,
five, six, seven, eight and nine cells (t2,
t3, t4, t5, t6, t7, t8 and t9); start of
compaction (tSC); compacted morula
(tM); start of blastulation (tSB);
blastocyst (tB); expanded blastocyst
(tEB); and time of blastocyst hatching
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(tHB). Timings were expressed in hours
post insemination or as hours post
pronuclear fading. All PGT-A-tested
embryos were subjected to grading
using one time-lapse-based algorithmic
model (KIDScore v.3.2; Vitrolife) and
three different, commercially available,
time-lapse-based embryo selection tools.
The embryo selection tools are
described as artificial-intelligence (AI)-
based algorithms that were developed
using time-lapse-based video sequences
as input and fetal heart activity as an end
point (Ahlstr€om et al., 2023; Berntsen et
al., 2022; Duval et al., 2023). In this
study, the video scores alone were used
for assessment, with no additional
demographic or clinical data included in
the scoring process. The decision to rely
exclusively on video data aimed to
provide an unbiased assessment focused
purely on the morphological and kinetic
features observed during embryo
development, without the influence of
external patient-specific factors.
Statistical analysis
In order to assess the impact of ploidy
on morphokinetics, no clustering
analysis with regards to embryos from
same cycle or patients was required. A
linear mixed-effects model was used to
investigate the influence of ploidy on
embryo morphokinetics. For this model,
timing data were pre-processed by
subtracting tPNf on an embryo-specific
basis to reduce the effect of oocyte
insemination timing within a culture dish,
and to use a more objective internal
measure to start timing.

The model was designed to analyse the
fixed effects of ploidy (categorized as
euploid, trisomic, monosomic, mixed and
complex), morphokinetic stage (e.g. t2, tM)
and their interaction. This allowed
assessment of the association between
ploidy types and changes in time since
fertilization across different morphokinetic
stages.

Random intercepts were incorporated
for each embryo, accounting for the
intrinsic variability in morphokinetics
attributable to individual differences.
Furthermore, an autoregressive [AR(1)]
correlation structure was specified to
model the serial correlation of
measurements within each embryo
across successive developmental stages,
acknowledging that measurements
closer in time are likely more correlated.
The statistical model can be formally
represented as follows:

Time ¼ b0 þ b1 ploidyð Þ

þ b2 stageð Þ

þ b3 ploidy x stageð Þ þ b0i

þ �ij

where b0 is the overall intercept; and b1,
b2 and b3 represent the fixed effects
coefficients for ploidy, stage and their
interaction, respectively. b0i denotes the
random intercept for each embryo,
capturing individual variability, and �ij is the
residual error for the i-th embryo at the j-
th stage, with �ij following an AR(1) process.

Post-hoc analyses were conducted to test
specific differences in development time
among the ploidy groups at each
developmental stage. This involved
estimating the estimated marginal means
for each ploidy group compared with the
euploid reference group, with P-values
adjusted for multiple comparisons using
Dunnett’s correction. All statistical
analyses were executed using R Version
4.3.3 (R Foundation, Austria) or SPSS
Version 29.0.1 (IBM, USA) with an alpha
level of 0.05 denoting statistical
significance. Comparison of age
distribution between embryo groups was
assessed using one-way analysis of variance
adjusted by Tukey’s honestly significant
difference post-hoc test. A conservative
Kruskal�Wallis test was used for the
analysis of embryo subgroups and scoring
of embryo selection tools due to smaller
sample sizes. Nominal P-values were
adjusted for multiplicity using Bonferroni’s
method.
RESULTS

PGT-A testing revealed euploidy in 363
(35.9%) blastocysts, presence of excess
chromosomal material (trisomic) in 174
(17.2%) blastocysts, loss of chromosomal
material (monosomic) in 211 (20.8%)
blastocysts, presence of one trisomy or
segmental gain and one monosomy or
segmental loss (mixed) in 60 (5.9%)
blastocysts, and incidence of three or
more chromosomal aneuploidies
(complex) in 204 (20.2%) blastocysts.
Live birth following single embryo
transfer was documented for 111
embryos (106 euploid embryos, four
embryos with a single mosaic
monosomy, and one embryo with a
single mosaic trisomy).

The age of the female partner at the
time of oocyte retrieval was recorded
for each embryo. The mean age differed
significantly across the embryo groups,
with increases for all aneuploidy
subgroups (P < 0.001) in comparison
with the euploid group (TABLE 1). The
distribution for each embryo group by
age is displayed in FIGURE 1. The
distribution of aneuploidies for each
chromosome is indicated in FIGURE 2. The
analysis of aneuploidy in this dataset
reveals distinct patterns across different
chromosomes. Whole chromosome
abnormalities (trisomies and
monosomies) affected all chromosomes
with the exception of chromosome Y,
with the highest prevalence in
chromosomes 15, 16, 21 and 22. In terms
of segmental aneuploidies, chromosome
9 had the highest occurrence of uniform
segmental gains, while chromosome 4
had the highest incidence of uniform
segmental losses. Mosaic aneuploidies
also showed substantial variation, with
chromosome 22 exhibiting the highest
frequency of mosaic trisomy and
monosomy, while mosaic segmental
aneuploidies were more common in
larger chromosomes and chromosome
13. Sex chromosome aneuploidies were
present but less frequent, with
chromosome X anomalies being present
in all types, and a single case of
segmental gain was detected for
chromosome Y.

From the 174 embryos included in the
trisomic group, 137 (78.7%) were found to
carry uniform aneuploidies alone, 34
(19.5%) were found to carry mosaic
aneuploidies alone, and three (1.7%) were
found to carry both uniform and mosaic
trisomies.

From the 211 embryos included in the
monosomic group, 160 (75.8%) were
found to carry uniform aneuploidies alone,
40 (19.0%) were found to carry mosaic
aneuploidies alone, and 11 (5.2%) were
found to carry both uniform and mosaic
monosomies.

From the 60 embryos included in the
mixed group, 38 (63.3%) were found to
carry uniform aneuploidies alone, one
(1.6%) was found to carry mosaic
aneuploidies alone, and 21 (35%) were
found to carry one uniform aneuploidy and
one mosaic aneuploidy.



TABLE 1 COMPARISON OF AGE AT OOCYTE RETRIEVAL BETWEEN PLOIDY GROUPS

Embryo group n Mean agea SD SE 95% CI for mean Min. Max.

Lower bound Upper bound

Euploid 363 37.39b 3.401 0.179 37.04 37.74 27.5 45.6

Trisomic 174 39.28c 3.409 0.258 38.76 39.79 27.5 46.2

Monosomic 211 39.12c 3.027 0.208 38.71 39.53 29.1 45.7

Mixed 60 40.32c,d 3.316 0.428 39.46 41.17 30.5 46.2

Complex 204 40.50d 3.253 0.228 40.05 40.95 30.4 45.7

Total 1012 38.87 3.505 0.110 38.66 39.09 27.5 46.2
aOne-way analysis of variance comparison followed by Tukey honestly significant difference post-hoc test. Based on observed means.

Different superscript letters denote significant differences between groups at the 0.05 level. All significant differences listed have P < 0.001 with the exception of trisomic versus

complex where P= 0.003.
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From the 204 embryos included in the
complex group, 72 (35.3%) were found to
carry uniform multiple aneuploidies alone,
36 (17.6%) were found to carry mosaic
multiple aneuploidies alone, 90 (44.1%)
were found to carry different combinations
of uniform and mosaic aneuploidies, and
six (2.9%) were triploid embryos. The
detailed distribution of aneuploidies for
each embryo group is indicated in FIGURE 3.

Morphokinetic analysis
The baseline descriptives of morphokinetic
variables recorded for the 1012 embryos
analysed are shown in Supplementary
Table 1. At the time of trophectoderm
biopsy, 71 (7%) embryos were at the full
blastocyst stage, 400 (39.5%) were in the
expansion phase, and 541 (53.5%) had
started hatching. Fifteen morphokinetic
variables were analysed among the
embryos of the different ploidy groups.
FIGURE 1 Frequencies of different ploidies accordi
monosomic; yellow bars, mixed, dark grey bars, com
By applying the linear mixed-effects model,
a developmental timing difference was
observed in the monosomic group from tB
(P= 0.002) through tEB (P < 0.001) and
tHB (P < 0.001) in comparison with the
euploid group. A similar trend was
observed in the complex group where
both tEB (P= 0.0182) and tHB (P=0.0168)
were delayed in comparison with the
euploid group (Supplementary Table 2). As
a result, all embryo groups had similar
developmental trajectories during the
cleavage stages, but starting from
tSC, both monosomic and complex
embryo groups started to accumulate
delays (FIGURE 4), which resulted in
significant differences around the
blastulation stages (FIGURE 5). The mixed
group seemed to have a shorter transition
from t9 to tM, but required a longer period
until they started forming the blastocoelic
cavity, which resulted in delayed
ng to maternal age at oocyte retrieval. Green bars, e
plex.
blastulation events; this finding did not
reach significance due to the small size of
this group. The trisomic group was shown
to be constantly faster than all other
groups during the cleavage and
compaction stages, although the gap
between the trisomic and euploid groups
narrowed from tM to tHB to very similar
checkpoint timings. No significant
differences were observed between the
trisomic and euploid groups for any of the
variables assessed.

Embryo grading using time-lapse-based AI
selection tools further accentuated the
differences between the morphokinetic
profiles of the analysed ploidy groups,
demonstrating a greater discriminative
potential than morphokinetic analysis
alone. The euploid and trisomic embryos
consistently achieved higher scores across
all time-lapse-based selection tools in
uploid; orange bars, trisomic; blue bars,



FIGURE 2 Chromosome aneuploidy type and frequencies detected in 1012 biopsied embryos. Right bar chart depicts the frequency of aneuploidies
detected in all biopsied cells (uniform). Left bar chart depicts the frequency of aneuploidies detected in a mosaic state. Bars pointing upwards represent
gain of chromosomal material as whole chromosome trisomy (orange bars) or as chromosomal segmental gains (yellow bars). Bars facing downwards
represent loss of chromosomal material by means of whole chromosome monosomy (dark blue bars) or as chromosomal segmental losses (light blue
bars).
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comparison with the monosomic, mixed
and complex embryos (FIGURE 6), with
significant differences found between
these groups (TABLE 2).

To investigate whether the size of
chromosomes involved in aneuploidies
affects embryo morphokinetic profiles
differently, 167 monosomic embryos and
139 trisomic embryos with a single
detected aneuploidy were divided into
subgroups based on chromosome size:
large (chromosomes 1�8 and X), medium
(chromosomes 9�16), and small
(chromosomes 17�22 and Y). A pairwise
non-parametric comparison between
these subgroups and a reference set of 111
embryos that led to live births revealed
significant delays in at least one
morphokinetic variable associated with
blastulation stage across all monosomic
subgroups. Specifically, significant
differences were observed between live
birth embryos and those with small
chromosome monosomies at tSB
(P=0.046), tB (P= 0.03) and tEB
(P=0.032). Additionally, embryos with
medium chromosome monosomies had
significant delays (P � 0.046) at tB and
tHB, while delays for those with large
chromosome monosomies reached
significance at tHB (P= 0.037).
(Supplementary Table 3). The
morphokinetic trajectory indicated a shift
from the live birth embryo pattern for all
monosomic subgroups starting from tSB
(FIGURE 7A). No significant differences were
identified between live birth embryos and
the trisomic subgroups (Supplementary
Table 4), although trisomies of large
chromosomes appear to progress more
slowly in the post-cleavage stages
(FIGURE 7B).

Time-lapse-based embryo scoring for
these subsets of embryos indicated
downgrading for all monosomic embryos
and those with trisomies of large
chromosomes (FIGURE 8). Significantly
lower scores were detected for all
monosomic subgroups in comparison
with live birth embryos with the use of
two time-lapse-based selection tools and
the KIDScore (all P � 0.05), while scoring
of one of the time-lapse-based selection
tools did not generate significant
differences between live birth embryos
and embryos with large chromosome
monosomies. Further significant
differences were observed between
monosomic and trisomic subgroups
(all P < 0.026) (TABLE 3), while no
significant differences were detected
between embryos with large
chromosome trisomies and any of the
monosomic subgroups (Supplementary
Table 5).
DISCUSSION

A common approach in studies examining
the relationship between morphokinetics
and embryo ploidy has been to classify
embryos as either normal or abnormal
(Patel et al., 2016), or to compare euploid
embryos with a broad category of
aneuploid embryos (Banford et al., 2023;
Minasi et al., 2016). By segregating the
embryos with abnormal chromosomal
findings according to their level of
chromosomal material gain or loss, the
present study has shown that different
types of aneuploidies underline variable
morphokinetic profiles.

These results indicate that the presence of
monosomies in the chromosomal
complement of embryos affects their
morphokinetic profile significantly,
introducing delays that accumulate and
become pronounced by the time of
blastulation. This is consistent with



FIGURE 3 Detailed representation of the frequency and distribution of various aneuploidy categories in embryos analysed through preimplantation
genetic testing for aneuploidy. T1, embryos with a single mosaic trisomy or segmental gain; T2, embryos with a single uniform trisomy or segmental gain;
T3, embryos with two trisomies or segmental gains, in either uniform and/or mosaic states; M1, embryos with a single mosaic monosomy or segmental
loss; M2, embryos with a single uniform monosomy or segmental loss; M3, embryos with two monosomies or segmental losses, in either uniform and/or
mosaic states; Mix1, embryos presenting one monosomy/segmental loss and one trisomy/segmental gain, both in a uniform state; Mix2, embryos with
one monosomy/segmental loss and one trisomy/segmental gain, occurring in both uniform and mosaic states; C1, embryos affected by three or more
uniform aneuploidies; C2, embryos affected by three or more mosaic aneuploidies; C3, embryos exhibiting three or more aneuploidies, with a
combination of uniform and mosaic states.
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previous findings which show that
monosomies have a significant effect on
embryo arrest prior to blastulation (De
Munck et al., 2021), with an overall slower
development rate (Alfarawati et al., 2011).
It is believed that monosomic embryos
have a lower implantation potential, taking
into account that autosomal monosomies
are rarely detected in first-trimester
miscarriages, while the only monosomic
aneuploidies compatible with full term
pregnancy are those of the sex
chromosomes (Munn�e, 2006). A recent
study using one AI model trained on single
day 5 static images found that embryos
containing a single monosomy were almost
eight-fold more likely to be found in the
lowest scoring category (Diakiw et al.,
2022a), highlighting the impact of
monosomies on blastocyst morphology
and slow pace to reach this stage. In the
present dataset, the trajectory of
monosomic and mixed groups, which
contain embryos with at least one
monosomy, started to separate from the
euploid and trisomic groups within the
fourth round of blastomere cleavage, and
became more pronounced following
morulation.

It was not possible to distinguish a
particular pattern by segregating the
embryos bearing a single monosomy
according to the size of the chromosome
implicated in the aneuploidy, most likely
due to the small size of the samples. In
comparison with live birth embryos,
monosomies of all chromosome sizes had
similar delayed morphokinetics, with
statistical significance being reached
towards the later stages of blastulation.
This finding was also depicted by the time-
lapse-based selection tools, with all of them
downgrading monosomies of all
chromosome sizes to a significant level in
comparison with live birth embryos and
certain subgroups of trisomic embryos.

Embryos with complex aneuploidies are
often considered to be the most
problematic among aneuploid embryos.
They have been reported to have the
highest rates of developmental arrest (De
Munck et al., 2021), and are frequently
found within poor-quality blastocysts
(Quinn et al., 2022). Typically, these
embryos exhibit slow development



FIGURE 5 Distribution of morphokinetic timing according to embryo ploidy. Box plots show the median and quartile ranges. Dots represent individual
morphokinetic timing of each embryo sample. tB, full blastocyst stage; tEB, expanded blastocyst; tHB, blastocyst hatching. Green dots, euploid; orange
dots, trisomic; blue dots, monosomic; yellow dots, mixed; dark grey dots, complex. Figures show significant P-values for comparisons using linear mixed-
effects model versus euploid group; for all other P-values versus euploid group, see Supplementary Table 2.

FIGURE 4 Morphokinetic trajectory of embryos. Morphokinetic checkpoints represented by green diamonds (euploid), orange circles (trisomic), blue
circles (monosomic), yellow circles (mixed) and dark grey circles (complex) depict the median value for each embryo group. tPNf, both pronuclei faded/
syngamy; t2, t3, t4, t5, t6, t6, t7, t8 and t9, two-, three-, four-, five-, six-, seven-, eight- and nine-cell stage, respectively; tSC, start of compaction; tM,
compacted morula; tSB, start of blastulation; tB, full blastocyst stage; tEB, expanded blastocyst; tHB, blastocyst hatching.
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FIGURE 6 Embryo scoring according to embryo ploidy. Centre number indicates the median score for each ploidy group for each artificial-intelligence
time-lapse-based and KIDScore algorithm. Green, euploid; orange, trisomic; blue, monosomic; yellow, mixed; grey, complex.
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(Alfarawati et al., 2011) and lower
expansion rates post blastulation (Hori et
al., 2023). Additionally, complex
aneuploidy in a mosaic state has been
linked to reduced chances of implantation
and live birth following the transfer of
mosaic embryos (Viotti et al., 2021). The
incidence of complex aneuploidy is
associated with increased maternal age
(Qi et al., 2014) and the use of testicular-
retrieved spermatozoa (Kahraman et al.,
2020). The present findings confirm the
significant trend of increasing incidence
of complex chromosomal
rearrangements with advancing maternal
age. This observation aligns with the well-
documented decline in oocyte quality
associated with advanced maternal age.
Specifically, the present data reveal that
the proportion of embryos classified
within the complex group increased
consistently with age. This occurred at the
expense of the euploid group, while the
incidence of trisomic and monosomic
embryos remained relatively constant for
all age groups analysed in this dataset
(FIGURE 1). It has been suggested that
complex aneuploid embryos are likely to
arise from the fusion of chromatin-
containing embryo fragments with
blastomeres during the cleavage stages
(Chavez et al., 2012). Although one might
expect this group of embryos to be easily
identified through morphokinetic analysis
due to the substantial impact of multiple
aneuploidies on cell cycles, several AI-
based ploidy prediction models have
struggled to distinguish between embryos
with single or multiple aneuploidies
(Diakiw et al., 2022b; Rajendran et al.,
2023). In the present dataset, complex
embryos exhibited an intermediary
morphokinetic pattern between
monosomic and euploid embryos, with
significant differences only starting to
emerge from tB. Previous studies have
shown that mosaic embryos exhibit an
intermediate morphokinetic profile
compared with euploid and aneuploid
embryos (De Martin et al., 2024; Zou et
al., 2024). This intermediate profile may
be linked with the higher occurrence of
mosaic aneuploidies in complex embryos,
with 62% carrying at least one mosaic
aneuploidy, compared with trisomic and
monosomic embryos, where less than
25% exhibit such abnormalities.

A study by Del Carmen Nogales et al.
(2017), which used the time of insemination
as the starting point for analysis,
demonstrated that early morphokinetic
variables have strong potential for
discriminating against embryos with
complex chromosomal abnormalities.
Using tPNf as the starting point offers the
advantage of eliminating the imprecision
associated with using a standardized time
of insemination, as most widely available
time-lapse morphokinetics software
cannot record individual insemination
times for each oocyte. However, this
approach can lead to the uniformity of
morphokinetic patterns, particularly for
early events (Liu et al., 2015).

A pairwise comparison analysis conducted
on a subset of 344 embryos, for which the
timing of the second polar body extrusion
was available, revealed several
morphokinetic delays in the early stages for



TABLE 2 COMPARISON OF EMBRYO SCORING BY ARTIFICIAL INTELLIGENCE TOOLS

Embryo scoring tool Group 1 Median IQR versus Group 2 Median IQR P-valuea Adjusted P-valueb

AI 1 Euploid 7.50 1.10 versus Trisomic 7.70 0.95 0.962 1.000

Complex 7.10 1.43 <0.0001 <0.0001

Mixed 7.25 1.18 0.002 0.025

Monosomic 7.10 1.80 <0.0001 0.000

Trisomic 7.70 0.95 versus Complex 7.10 1.43 <0.0001 <0.0001

Mixed 7.25 1.18 0.005 0.053

Monosomic 7.10 1.80 <0.0001 0.000

AI 2 Euploid 8.80 1.60 versus Trisomic 8.80 1.85 0.520 1.000

Complex 8.00 2.00 <0.0001 <0.0001

Mixed 8.10 2.03 0.001 0.010

Monosomic 8.00 2.30 <0.0001 <0.0001

Trisomic 8.80 1.85 versus Complex 8.00 2.00 <0.0001 0.003

Mixed 8.10 2.03 0.008 0.078

Monosomic 8.00 2.30 0.001 0.012

AI 3 Euploid 6.70 3.50 versus Trisomic 6.40 3.58 0.789 1.000

Complex 5.05 3.80 <0.0001 <0.0001

Mixed 5.25 4.30 <0.0001 0.007

Monosomic 4.60 3.50 <0.0001 <0.0001

Trisomic 6.40 3.58 versus Complex 5.05 3.80 <0.0001 <0.0001

Mixed 5.25 4.30 0.003 0.028

Monosomic 4.60 3.50 <0.0001 <0.0001

KIDScore Euploid 7.05 2.90 versus Trisomic 6.95 2.60 0.530 1.000

Complex 6.35 2.33 <0.0001 <0.0001

Mixed 6.15 2.45 <0.0001 0.002

Monosomic 6.10 2.00 <0.0001 <0.0001

Trisomic 6.95 2.60 versus Complex 6.35 2.33 <0.0001 0.004

Mixed 6.15 2.45 0.002 0.023

Monosomic 6.10 2.00 0.001 0.010

Each row tests the null hypothesis that the Group 1 and Group 2 distributions are the same.

p value*- nominal significance from a 2-sided Kruskal Wallis test.
aNominal significance from a two-sided Kruskal-Wallis test.
b Adjusted for multiplicity using Bonferroni’s correction.

AI, artificial intelligence.
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monosomic and complex embryos in
comparison with euploid embryos,
specifically for tPNf, t2, t3, t4, t5, t6 and t7,
which were not apparent when tPNf was
excluded from the analysis (data not
shown). This finding suggests that time of
second polar body extrusion might be a
more reliable starting point of analysis for
ICSI-inseminated oocytes.

Despite the possible confounding effects
generated by the choice of analysis starting
point, all time-lapse-based selection tools
consistently downgraded the complex,
mixed and monosomic embryos,
generating significant lower scores in
comparison with the euploid and trisomic
embryos, emphasizing greater
discrimination potential of these tools
against morphokinetic analysis alone.

The main finding of this study is that
embryos affected by a limited number of
trisomies have a morphokinetic profile that
largely overlaps that of euploid embryos.
None of the morphokinetic variables
analysed between trisomic and euploid
embryos showed any tendency for
discrimination, regardless of the choice of
starting point for analysis (data not shown).
These findings confirm previous research
based on static imaging, indicating that fast
growing aneuploid embryos were more
often affected by trisomies than
monosomies (Alfarawati et al., 2011). It was
also highlighted that trisomic embryos
develop into top-quality day 3 embryos to a
higher extent (Tschare et al., 2023), while
morphokinetic similarities between
trisomic and euploid embryos were
documented for the early cleavage stages
(Del Carmen Nogales et al, 2017).

None of the time-lapse-based selection
tools or the KIDScore algorithm were able
to distinguish significantly between
trisomic and euploid embryos. Both the
euploid and trisomic groups constantly
scored higher than the monosomic, mixed
and complex groups across all selection
tools. A recent study based on an AI



FIGURE 7 Morphokinetic trajectory comparison between live birth embryos and subsets of monosomic (A) and trisomic (B) embryos according to
chromosome size. Green diamonds (live birth), red triangles (monosomic small chromosomes), orange triangles (monosomic medium chromosomes),
yellow triangles (monosomic large chromosomes), dark blue circles (trisomic small chromosomes), purple circles (trisomic medium chromosomes) and
light blue circles (trisomic large chromosomes) represent the median value of morphokinetic variables. t2, t3, t4, t5, t6, t6, t7, t8 and t9, two-, three-,
four-, five-, six-, seven-, eight- and nine-cell stage, respectively; tSC, start of compaction; tM, compacted morula; tSB, start of blastulation; tB, full
blastocyst stage; tEB, expanded blastocyst; tHB, blastocyst hatching; large chr., chromosomes 1�8 and X; medium chr., chromosomes 9�16; small chr.,
chromosomes 17�22 and Y.
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FIGURE 8 Embryo scoring comparison between live birth embryos and embryos with single aneuploidy according to chromosome size. Centre
numbers indicate the median scoring value for each artificial-intelligence time-lapse-based and KIDScore algorithm.
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algorithm trained using static images of
blastocysts on day 5 (Diakiw et al., 2022a)
indicated a more pronounced difference
in grading between embryos with a single
trisomy and euploid embryos, although in a
follow-up study by the same group (Diakiw
et al., 2022b) with an increased number of
cases, these differences fell below the level
of significance, more consistent with the
present findings.

Within the trisomic group, some
interesting findings were noted
considering the size of the chromosome
indicted in the aneuploidy. Embryos
bearing small and medium chromosome
trisomies were shown to have a faster-
developing trajectory from the second
round of blastomere cleavages until early
blastulation, while tB and the following
blastulation events fell behind in
comparison with a subset of embryos that
resulted in live birth following embryo
transfer; however, these differences did
not reach significance. This finding may
suggest that the presence of these
trisomies contributes to shortening of the
cell cycle throughout the cleavage stages,
and may explain the intermediary profile
displayed by mixed embryos.
It has been shown previously that within
the trisomic embryos, those with non-fatal
aneuploidies (trisomies of chromosomes
13, 18 and 21) have a blastocyst expansion
profile similar to euploid embryos (Hori et
al., 2023). The present results highlight the
increased implantation potential of these
embryos, in concordance with previous
research showing that embryos containing
small and medium chromosome trisomies
represent the majority of single
aneuploidies identified in first-trimester
miscarriages in both natural conception
and IVF cycles (Pylyp et al., 2018).

Trisomies involving large chromosomes
exhibited a slower morphokinetic profile
and were consistently downgraded by all
time-lapse-based selection tools used in
this study. One of the AI selection tools
employed downgraded embryos with
large chromosome trisomies significantly
more often compared with live birth
embryos. One possible explanation for
this is that large chromosomes are
impacted to a greater extent by
segmental aneuploidies. In this dataset,
the aneuploidies were segmental in
36.4% (12/33) of embryos with large
chromosome trisomies and 38.6% (17/44)
of embryos with large chromosome
monosomies, while the incidence of
segmental aneuploidies in the small
chromosomes was below 2%. It has been
shown previously that segmental
aneuploidies predominantly affect
chromosomes of paternal origin (Kubicek
et al., 2019), and that high DNA
fragmentation of sperm chromatin is
associated with increased incidence of
segmental chromosomal aneuploidy
(Gao et al., 2023). The information on
embryos with segmental aneuploidies is
limited and somewhat contradictory.
While segmental mosaicism is often
prioritized when considering implantation
and live birth rates in mosaic embryo
transfers (Viotti et al., 2020), another
study highlighted a significant reduction
in live birth rates for these embryos (Zore
et al., 2019). Segmental duplications have
been linked with increased risk of embryo
development arrest (De Munck et al.,
2021). Recent research showed that, like
uniform chromosome aneuploidies,
segmental aneuploid embryos reaching
the blastocyst stage expanded more
slowly than euploid embryos (Hori et al.,
2023), although static AI scoring
algorithms downgraded segmental



TABLE 3 COMPARISON OF EMBRYO SCORING BETWEEN LIVE BIRTH EMBRYOS AND EMBRYOS WITH SINGLE ANEUPLOIDY
GROUPED BY THE SIZE OF THE CHROMOSOME: LIST OF SIGNIFICANT PAIR COMPARISONS

Embryo
scoring tool

Group 1 Median IQR versus Group 2 Median IQR P-valuea Adjusted
P-valueb

AI 1 Live birth 7.70 0.80 versus Monosomic small chr. 7.30 1.18 <0.0001 0.001

Monosomic medium chr. 7.30 1.50 <0.0001 0.002

Trisomic small chr. 7.70 1.00 versus Monosomic small chr. 7.30 1.18 0.001 0.011

Monosomic medium chr. 7.30 1.50 0.001 0.023

Trisomic medium chr. 7.95 0.70 versus Monosomic small chr. 7.30 1.18 <0.0001 0.008

Monosomic medium chr. 7.30 1.50 0.001 0.018

AI 2 Live birth 9.10 1.03 versus Monosomic small chr. 7.85 2.15 <0.0001 <0.0001

Monosomic medium chr. 8.10 1.60 0.001 0.020

Monosomic large chr. 8.05 2.55 <0.0001 0.001

Trisomic large chr. 8.20 1.60 0.002 0.049

AI 3 Trisomic small chr. 7.00 4.15 versus Monosomic small chr. 5.30 4.23 <0.0001 0.005

Live birth 7.45 2.75 versus Monosomic small chr. 5.30 4.23 <0.0001 <0.0001

Monosomic medium chr. 5.40 3.00 <0.0001 0.001

Monosomic large chr. 4.10 4.28 <0.0001 0.001

KIDScore Trisomic small chr. 7.30 1.65 versus Monosomic medium chr. 5.80 1.90 0.001 0.026

Live birth 7.80 2.60 versus Monosomic small chr. 6.30 1.65 0.001 0.019

Monosomic medium chr. 5.80 1.90 <0.0001 0.001

Monosomic large chr. 6.30 2.78 0.001 0.025

Each row tests the null hypothesis that the Group 1 and Group 2 distributions are the same.

p value*- nominal significance from a 2-sided Kruskal Wallis test.
aNominal significance from a two-sided Kruskal-Wallis test.
b Adjusted for multiplicity using Bonferroni’s correction.

Large chr, chromosomes 1-8 and X; medium chr: chromosomes 9-16; small chr, chromosomes 17-22 and Y; AI, artificial intelligence.

An extended list of multiple comparisons is available in Supplementary Table 5.
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aneuploidies less than whole
chromosome aneuploidies compared
with euploid embryos (Diakiw et al.,
2022b).
CONCLUSION

This study provides critical insights into the
morphokinetic profiles of embryos with
various chromosomal abnormalities,
particularly focusing on how different types
of aneuploidies impact embryo
development. It was observed that
monosomies delay embryo development
significantly, resulting in slower progression
through the key stages of blastulation.
Complex aneuploidies also exhibited
delayed development, but these were
more challenging to distinguish using
morphokinetic analysis alone. Trisomic
embryos, especially those with medium
and small chromosome trisomies,
displayed developmental trajectories and
time-lapse-based scoring similar to euploid
embryos. Despite advances in AI-based
selection tools, the present findings
emphasize that current methodologies still
struggle to differentiate accurately
between embryos with subtle
chromosomal variations, particularly
trisomies. This underscores the need for
further refinement of these tools to
enhance their predictive accuracy, or to
consider alternative non-invasive strategies
to complement morphokinetic and time-
lapse analysis, to ultimately improve clinical
outcomes in assisted reproductive
technology.
SUPPLEMENTARY MATERIALS

Supplementary material associated with
this article can be found in the online
version at doi:10.1016/j.rbmo.2025.104828.
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