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Approximately one-sixth of the population will
experience infertility in their lifetime (WHO, 2023). In
vitro fertilization (IVF) is a widely used reproductive
treatment, and infertility is increasing worldwide (De
Geyter et al., 2018). IVF involves ovarian stimulation,
oocyte retrieval, fertilization, and culture of embryos
under controlled conditions; the embryos are then either
transferred to the uterus or cryopreserved for future
treatments (Farquhar et al.,, 2017). Despite advances in
IVF and related technologies, success rates per cycle are
still relatively low and vary significantly depending on
patient and treatment characteristics. With the growing
demand for Assisted Reproductive Technologies (ART),
new innovations are emerging daily to enhance treatment
outcomes. The primary objective of these advancements
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is to obtain and to identify embryos with high
implantation potential. IVF success is multifactorial. The
success of IVF treatment depends on many factors,
including optimal incubation conditions, accurate embryo
assessment, and a receptive endometrium. Achieving a
pregnancy with a single blastocyst transfer minimizes the
medical risks associated with multiple pregnancies for
both mother and baby (Baradwan et al., 2024).

1. EMBRYO MONITORING AND EVALUATION

Embryo incubation and selection are critical steps in
the IVF process. In IVF treatment, oocytes firstly collected
from patients and then fertilized ooctes and developing
embryos are monitored in incubators, specialized devices
that mimic the body's temperature and pH. In the past,
these devices, which resembled single-door cabinets with
multiple compartments, facilitated embryo monitoring.
Today, benchtop incubators with multiple compartments
are used, allowing for individual patient monitoring and
partially protecting the embryos from environmental
conditions. During routine embryo evaluations in an
embryology laboratory, even the slightest changes in the
culture environment can negatively impact embryo
development; therefore, maintaining an optimal and
stable culture environment is crucial to ensure continued
embryo growth. In the past, these devices, which
resembled  single-door cabinets with  multiple
compartments, facilitated embryo monitoring (Sciorio &
Rinaudo, 2023). Today, benchtop incubators with
multiple compartments are used, allowing for individual
patient monitoring and partially protecting the embryos
from environmental conditions. However, in incubators
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routinely used for embryo culture, patients are removed
from the culture environment, albeit briefly. This can lead
to exposure to non-physiological conditions such as
fluctuations in pH, temperature, and gas concentrations,
leading to observer variability (Kermack et al., 2022).
Embryos are dynamic, and their morphology can change
rapidly over short periods of time. Conventional
morphological embryo assessments provide only a
limited timeframe for an embryo. Subjective differences
between observers during routine check-ups can lead to
variable results; furthermore, the embryologist's
subjective assessment may miss critical events that could
affect embryo viability (Giménez et al., 2023; Storr et al,,
2017). Since the beginning of IVF practice, morphology
has been the primary criterion for assessing embryonic
development. Embryo development is monitored under
an inverted microscope based on changes such as cell
number, size, fragmentation, cell symmetry,
multinucleation, and abnormal zona pellucida or vacuoles
(ESHRE, 2016; Gullo et al,, 2023; Gardner et al., 1998). The
degree of expansion, number, integrity and homogeneity
of trophectoderm cells, as well as the inner cell mass
(ICM) and blastocoel width are evaluated in day 5-6
blastocysts (Gardner & Schoolcraft, 1999).

2. TIME-LAPSE IMAGING SYSTEMS (TLIS) AND
ARTIFICIAL INTELLIGENCE (AI)

World Health Organization (WHO) has defined
artificial intelligence (AI) as a supportive tool to enhance
healthcare decision-making (WHO, 2021).

In reproductive medicine, Al is planned as a tool that
can eliminate subjective assessments of embryos. A key
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development facilitating this progress is the integration of
Time-Lapse Systems (TLS), which are standard imaging
platforms that enable continuous and data-driven
monitoring of embryonic development and may
contribute to better outcomes in IVF (AlSaad et al., 2025).
TLS, which can be integrated with Al, enables the analysis
of comprehensive datasets encompassing embryological,
clinical, and genetic information. This facilitates the
personalization of treatment protocols and increases the
accuracy of embryo selection in assisted reproductive
technologies. TLS, which enables continuous monitoring
of embryos in a noninvasive manner, allows the
evaluation of morphological and morphokinetic
parameters at different time points throughout the entire
developmental period during embryo incubation (Apter
et al, 2021; Mandawala et al, 2016; Mio et al, 2024).
These systems increase the efficiency of the IVF
laboratory workflow by allowing embryos to be graded at
any time during routine evaluations. Embryos are also
kept under observation in the same environment
continuously for approximately seven days from
insemination to the day of transfer or cryopreservation,
minimizing the risk of exposure to fluctuations in
environmental temperature, pH, and gas concentrations
that could compromise embryo quality (Giménez et al.,
2023; Kahraman et al.,, 2020).

3. MORPHOKINETIC ANALYSIS IN TIME-LAPSE
IMAGING SYSTEMS (TLIS)

Embryo imaging systems consist of three basic
components: a microscope, an incubator, and software.
These systems typically include an incubator with an
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integrated microscope and a digital camera that records
images at regular intervals and analyzes them later. In this
system, images are taken at 10-20 minute intervals and
turned into a video series that can be viewed in detail
(Armstrong et al., 2018; Gomez et al., 2022). Time-lapse
imaging systems (TLIS), first used in ART by Payne and
colleagues in 1997 (Payne et al., 1997), was commercially
available in 2009 and began to be actively used in
embryology laboratories approximately ten years ago
(Sciorio et al.,, 2025). These systems monitor fundamental
developmental events, from pronuclear formation to early
cleavage stages, cell cycle dynamics, and blast formation,
and use algorithms to predict blastocyst formation and
implantation potential. Morphokinetic data obtained
through TLIS facilitates the identification of abnormal
changes such as direct cleavage, reverse cleavage,
fragmentation, multinucleation, and blastocyst collapse.
In light of this information, more accurate predictions can
be made for implantation success, live birth, and
aneuploidy risk (Bamford et al.,, 2022; Dominguez et al,,
2015; Meseguer et al,, 2011).

In a retrospective multicenter study, researchers
observed that phenotypic behaviors such as abnormal
syngamy, irregular initial cytokinesis, abnormal cleavage,
and chaotic division were associated with reduced
embryo viability and implantation potential. Embryos
exhibiting these abnormal patterns had lower
developmental potential compared to the control group
(Athayde Wirka et al., 2014).

A meta-analysis found that TLIS significantly improved
ongoing pregnancy and live birth rates and reduced early
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pregnancy loss compared with conventional incubator
culture combined with morphological assessment
(Pribenszky et al., 2017). However, a recent Cochrane
review concluded that there is insufficient evidence for
demonstrating a significant improvement in live birth
rates with the use of TLI (Armstrong et al., 2019). Tran et
al. (2019) proposed a fully automated system for embryo
assessment by analyzing time-lapse videos to predict fetal
heart formation (Tran et al, 2019). Embryo
morphokinetic analysis encompasses key developmental
events, including the period following fertilization
(Coticchio et al., 2018), the timing of the first three mitotic
divisions (Meseguer et al., 2011; Wong et al,, 2010), the
onset of early compaction (Iwata et al, 2014), and
progression to the blastocyst stage (Motato et al., 2016;
Sciorio et al,, 2021).

In a retrospective multicenter study conducted at IVF
centers, when embryos cultured using time-lapse imaging
(TLL; n = 1,390 cycles) were compared with embryos kept
in conventional incubators (n = 5,915 cycles), the study
revealed that an approximately 20% enhancement in
pregnancy rates within the TLI cohort, which was
attributed to the provision of more stable culture
conditions and the integration of morphokinetic
parameters into the embryo selection process (Meseguer
et al, 2012). The same team published their study
confirming these findings two years later (Rubio et al,,
2014). TLIS have enabled continuous, non-invasive
monitoring of human embryo development, allowing
precise measurement of morphokinetic parameters such
as tPB2, tPNf, t2-t8, cc2, cc3, s2, t5-t2, tM, tB, and tEB.
These parameters provide information about cleavage
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dynamics, morula and blastocyst formation, and overall
embryo quality. According to the results of morphokinetic
analyses, abnormal events including direct cleavage,
blastomere fragmentation, cytokinesis failure and
multinucleated blastomeres were associated with
impaired development, aneuploidy and reduced
implantation potential (Meseguer et al.,, 2012; Motato et
al,, 2016; Del Carmen Nogales et al,, 2017; Reignier et al.,
2018; Zhan et al., 2020; Sciorio et al., 2020; Huang et al,,
2021).

Abbreviation /

Parameter Description / Significance
Definition P /Sig
Time to second
Second polar body expulsion
tPB2 polar body . p o 'y xpuist
. time after fertilization

extrusion

tPNF Time period of Associated with fertilization and

pronuclear fading embryo development
Time when the embryo reaches a
specific cell stage; indicates
developmental speed

t2, t3, t4, t5, t6, Timeto 2-,3-, ..., 8
t7,t8 cell stage

The duration of the second and
cc2, cc3 Cell cycle 2,3 third cell cycles indicates the
regularity of division

Time interval between
successive cleavages (e.g., 3- to
s2 Synchrony 2 4-cell division); synchronous
divisions are associated with
higher embryo quality
(512 Time from 2-cell to Associated with aneuploidy risk
5-cell stage and developmental delays
. Associated  with  blastocyst
Time to reac . . .
tM . formation and implantation
morula formation )
potential
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Abbreviation /

Parameter Definition Description / Significance
‘B Blast  formation Associated with the speed of
time embryo development
Associated  with  blastocyst
Time to expanded . . y
tEB quality and implantation
blastocyst )
potential.
Numerical scoring describing
blastocyst expansion, inner cell
mass (ICM), and trophectoderm
BS Blastocyst Score (IcM) p

(TE) morphology is used to
predict implantation and
aneuploidy

reflects the cleavage pattern of
Direct ) the embryo (1C-3C or 2C-5C), is
Direct cleavage ) .
cleavage (DC) associated with developmental
disorders

Blastomere fragmentation; high
fragmentation negatively affects
embryo quality

Fragmentation Blastomere
(03] fragmentation

Failure of cell division and
Cytokinesis Multiple nuclei formation of multiple nuclei in
failure / MNB blastomeres blastomeres; often linked to

blastomeric aneuploidy

3.1. Imaging and Morphokinetic Parameters of
Fertilization

The evaluation of fertilization constitutes the initial
stage of embryo development in IVF procedures. After
insemination, a fertility check is performed 16-20 hours
after conventional fertilization and 16-18 hours after ICSI.
Normal fertilization is observed when two pronuclei, one
male and one female (2PN), appear. Female pronuclei are
observed earlier than male pronuclei. (Lundgvist et al.,
2001). Detailed monitoring of the timing, morphology,

28



Current Developments in Histology and Embryology

size, and dynamic behavior of the two pronuclei (2PN)
offers essential insights into the morphokinetic
characteristics of fertilization (Giménez et al, 2023).
Time-lapse analyses indicate that the male pronucleus
(mPN) exhibits a marginally greater diameter than the
female pronucleus (fPN), measuring 28.1 + 2.0 um and
26.4 + 2.0 um, respectively (Orevich et al., 2022). The
timing of pronuclear fading (tPNf) has emerged as a
potential predictor of implantation. (Coticchio et al,,
2018) carried out a detailed morphokinetic assessment of
fertilization, characterizing previously unreported events
such as the formation and dissolution of the cytoplasmic
halo, pronuclear (PN) fading, the subsequent interval
following PN fading (tPNf), and the first cleavage. These
morphokinetic markers were used to predict day 3
embryo quality (Coticchio et al,, 2018). 1PN zygotes can
occur due to parthenogenetic division, asynchronous or
diploid formation in a single pronucleus. Pronucleus
disappearance time was used to predict implantation
(Giménez et al.,, 2023). The developmental potential of
embryos divided parallel to the 2Zpn axis was better
monitored. Approximately 84.4% of embryos with this
division resulted in good-quality embryos, and pregnancy
rates were significantly higher after transfer (p<0.01). In
contrast, embryos with 5.9% showing an intermediate
orientation and 9.7% showing cleavage in a perpendicular
plane had lower quality and pregnancy rates, (Mio et al,,
2024).
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3.2. Morphokinetic Assessment in Cleavage Stage
Embryos

As the cleavage process progresses and embryos begin
to overlap, accurate blastomere evaluation becomes more
difficult and complex. Therefore, different modeling,
learning methods, and optimization strategies are being
developed to address this issue.

3.2.1. Cleavage Plane

Automatic segmentation is important for assessing
blastomere size and identifying cleavage planes that
influence subsequent development. Unequal cleavage,
which produces unequally sized blastomeres, can
increase the asymmetric distribution of cytoplasmic
organelles, mitochondria, mRNA, and proteins, leading to
both multiple nuclei and aneuploidy in the embryo (Desai
& Gill, 2019).

3.2.2. Direct Cleavage

Human zygotes generally begin their first division
approximately 2 hours after syngamy, followed by a cell
division cycle approximately every 10 hours. Observed
zygotes undergoing abnormal cleavage patterns, such as
one cell dividing into three cells immediately after the first
cleavage and two cells dividing into five or more cells after
the second cleavage, and confirmed nuclear formation in
each blastomere. Importantly, zygotes exhibiting direct
cleavage at the first division (1 cell-3 or more) failed to
result in pregnancy. Thus, morphokinetic analysis enables
the detection of irregular cleavage events in early-stage
zygotes (Mio et al,, 2024).
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3.2.3. Fragments Associated with The Cleavage
Furrow

Fragmentations are nuclear particles that appear
during embryo cleavage. As the amount of fragmentation
increases, it can lead to a decrease in blastomere volume,
disruption of the cleavage plane, and negatively impact
compaction. The presence of fragmentation sometimes
increases during cleavage and sometimes decreases over
time due to reabsorption. TLIS imaging has shown that
embryos with initially high fragmentation typically
reduce fragments within ~2 hours, resulting in higher-
quality embryos. Therefore, it has been recommended
that embryos initially classified as low-quality be
reevaluated after approximately 2 hours (Mio et al,
2024).

3.2.4. Fragments Formed Along Perivitelline
Threads (PT)

Perivitelline filaments (PT) are thin filaments that
extend across the perivitelline space and connect the zona
pellucida (ZP) to the oolemma. The PT is involved in
establishing cross-links between the cumulus cells and
the oocyte during oocyte maturation, helping to maintain
the oocyte in a stable position, and facilitating proper gas
exchange and nutritional exchanges for the embryo
during development and PT have also been linked to
fragmentation formation. Thin perivitelline filaments
(PT) extending across the perivitelline space (PVS) and
connecting the zona pellucida (ZP) to the oolemma were
identified as a potential cause of fragmentation although
the underlying mechanisms remain unclear. PT may play
a critical role in establishing cross-connections between
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cumulus cells and the oocyte during maturation (Derrick
etal, 2017).

3.2.5. Multinucleated Blastomere (MNB)
Formation

Some embryos revert to their original shape after the
cleavage furrow forms and fail to complete division. This
condition is called cytokinetic failure. This results in the
formation of a single multinucleated blastomere with two
equally sized nuclei. In this case, the number of
blastomeres affected varies depending on the time of
compaction. If compaction begins at the 7-cell stage, only
one blastomere is affected; at the 6-cell stage, two
blastomeres; at the 5-cell stage, three; and at the 4-cell
stage, all four blastomeres fail cytokinesis (Mio et al,
2024).

3.3. Compaction

In human embryos, compaction begins after the 3rd
division cycle. Compacting, which begins before reaching
8 cells, causes abnormal development due to cytokinetic
deficiency. (Iwata et al., 2014). Time-lapse studies have
identified compaction as a transition that regulates ICM
and trophectoderm differentiation. Embryos in which
compaction begins and completes earlier were found to
blast faster. According to morphokinetic analyses,
embryos with better compaction have better blastocoele
expansion and develop blasts in a better pattern.
Preimplantation Genetic Testing - aneuploidy (PGT-A)
tests have shown that these embryos are more often
euploid and less likely to be aneuploid. Although
developmental timing did not differ significantly between
fully and partially compacted embryos, euploid
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blastocysts generally exhibited faster expansion than
aneuploid ones (Jeon et al., 2023).

3.4. Blastocyst Development and the Hatching
Process

Al advancements in embryology have mainly targeted
blastocyst grading due to its strong link with implantation
potential.

While the time of morula formation (tM) and the
transition from 5 to 8 cells (t8-t5) were less predictive of
implantation, the blastocyst expansion time (tEB) showed
some predictive value for implantation (Motato et al,,
2016). The Blastocyst Score (BS) is a numerical scoring
system designed to assess blastocyst quality. This system
has three main components: 1. The size and development
of the blastocoel cavity; 2. ICM morphology, which scores
the structure and quality of the cells that will form the
embryo (related to live birth potential); and 3. TE
morphology, which scores the structure and organization
of the cells that contribute to the formation of the placenta
and its appendages. This scoring system serves as a robust
predictor of both implantation potential and euploidy
status, making it useful for embryo selection in assisted
reproductive technologies (Zhan et al, 2020).
Morphokinetic studies of hatching have shown that some
embryos first collapse in a specific area and then hatch
from this area, while others immediately begin hatching.
These studies have revealed that introgression occurs
more frequently, while extrogression completes the
process more quickly (Mio et al., 2024).
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3.4.1. Blastocyst Collapse

Spontaneous collapse of the embryo during
development has been found to be related to the embryo's
implantation potential. Developmental deterioration,
failure to reach the hatching stage, and low live birth rates
were observed in embryos with recurrent major collapse
(Sciorio et al., 2020). Retrospective analysis’ have shown
that embryos with more spontaneous collapse have lower
implantation potential (Sciorio et al., 2020). According to
Jin et al. (2024), blasts with lower embryonic
development collapsed more frequently and an increase
in aneuploidy, monosomy, and segmental deletions was
observed in these embryos (Jin et al.,, 2024).

3.5. Aneuploidy

Aneuploidy continues to be a major concern in human
embryos, aneuploid embryos can lead to implantation
failure, miscarriage, or a range of congenital
abnormalities. Embryonic development is a complex
process that begins with successful fertilization and
continues until live birth, and is affected not only by
embryo quality but also by many maternal factors.
Although many parameters have been examined to
predict live birth rates, limited data have been obtained.
Al studies to predict ploidy status using TLIS have
accelerated recently (Sciorio & Dattilo, 2020). Huang et al.
[2021) developed predictive models of euploid embryos
by analyzing clinical factors through morphokinetic
analysis of embryos (Huang et al., 2021). Del Carmen
Nogales etal. (2017) observed that embryos with complex
chromosomal abnormalities exhibited the shortest
cleavage times at t3, t5, cc2, cc3, s2, and t5-t2, with the
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strongest correlations recorded for t3 and the 2 to 5 cell
stage range (t5-t2)(Sciorio & Dattilo, 2020). With the
advent of TLIS, non-invasive assessments and Al
applications for predicting ploidy status are increasingly
being explored. Reignier et al. (2018) conducted a
comprehensive review for identifying and selecting
euploid embryos in TLI. According to this review although
differences in morphokinetic parameters have recently
been detected between euploid and aneuploid embryos,
Reigner et al. (2018) emphasized that TLIS is not as
reliable as PGT-A and should not replace it (Reignier et al,,
2018). Amir et al. (2019) reported that embryos carrying
unbalanced chromosomal translocations exhibited
delayed t4, tSB, and s2, whereas those with balanced
translocations did not. Additionally, non-viable embryos
with unbalanced translocations showed delayed
pronuclear fading (tPNf) compared to potentially viable
embryos (Amir et al., 2019).

More recently, De Gheselle et al. (2022) showed that
pronuclear changes such as tPB2 and morphokinetic
features such as t7 are important in the ploidy estimation
algorithm, and clinical parameters such as sperm
parameters, maternal age, and hormone dose used are
also important (De Gheselle et al., 2022).

3.6. Sex Differences

In one of the larger time-lapse studies, Melzer et al.
(2013) analysed 213 human embryos and reported that
male embryos reached the 4-cell stage (t4) more rapidly
than female embryos (Melzer et al, 2013). Similarly,
Bronetetal. (2015), in a cohort of 327 embryos, found
that male embryos developed at a faster pace and
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proposed a non-invasive algorithm based on the second
synchrony interval (s2) and morula formation time (tM)
to predict embryos that are more likely to be female
embryos with a higher likelihood of being female (Bronet
et al, 2015). In contrast, in a study using the FISH
technique conducted by Zeyad et al. (2018), 416 embryos
were evaluated and the time to pronuclear appearance
(tPN) was significantly faster in female embryos, whereas
the time to pronuclear fading (tPNf) progressed more
quickly in male embryos; additionally, the blastocyst
formation rate was significantly higher among female
embryos (Zeyad et al., 2018).

3.7. Other Factors

The influence of various factors on embryo
morphokinetics has been extensively investigated. In a
study investigating culture mediums, no significant
difference was found between the morphokinetic effects
of single step medium and sequential medium (van Duijn
et al, 2022). In a review, the effects of maternal age,
obesity, body mass index, low body weight, PCOS,
endometriosis, smoking, fertilization techniques, oxygen
concentration in the culture medium, embryo collapse
and re-expansion, embryo ploidy, and sex on
morphokinetic parameters observed in TLIS have been
evaluated (Marquez-Hinojosa et al., 2022).

4. CLINICAL SE OF TIME-LAPSE IMAGING SYSTEMS
IN THE EMBRYOLOGY LABORATORY

There are two different types of time-lapse systems
commercially available. Systems such as Primo Vision
(Vitrolife, Denmark) and Eeva Test (Merck-Serono,
Germany) allow for the integration of microscopes into
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existing incubators. Systems such as EmbryoScope and
EmbryoScope+ (Vitrolife, Denmark), Geri and Geri+
(Genea Biomedx, Australia), Miri TLI (Esco Medical,
Denmark), and CCM-iBIS (ASTEC™, Japan) consist of
incubators with integrated microscopes (Groenewoud et
al,, 2017; Marquez-Hinojosa et al,, 2022).. EmbryoScope is
currently the most commonly used system on the market.

Figure 1. All the time-lapse imaging systems available on

the market
e oy Embryoscope +
CCMABIS = ::"- MIRITL — Embryoscope
r = 2 - Geri / Geri +
— a#f 4 |
i B, =® J - s “5%

(Giménez et al., 2023)

Al applications using embryo imaging systems have
been used in embryo evaluation (61%), pregnancy and
implantation  outcome  prediction (35%), and
chromosomal structure evaluation (31%). The result
evaluations of these systems that perform
morphological/morphometric  analysis are mostly
embryo/blastocyst morphology and general IVF success
rates, and the reference in most studies is determined by
embryologists (AlSaad et al, 2025). While time-lapse
videos in these systems provide continuous dynamic data,
static images may be insufficient in capturing dynamic
events such as blastocoel collapse of the embryo because
they examine pinpoint time periods, such as specific hours
after ICSI. Further studies using comparable datasets are
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required to determine which approach yields superior
outcomes for embryo selection (Lundin & Park, 2020).

Most of the studies presented consist of data from
developed countries with advanced laboratories
equipped with TLIS. EmbryoScope was the most
commonly employed platform, while other systems like
Miri and GERI were less frequent. Image capture intervals
were typically 10 minutes. The architecture of most of
these systems is dominated by convolutional neural
networks. One of the biggest shortcomings in these
systems is the development of Al models that also
evaluate parameters such as patient demographics,
genetic profiles, and lifestyle characteristics. These
innovations will increase the accuracy and applicability of
predictive models in IVF (AlSaad et al., 2025).

5. PROCESSING AND INTEGRATION OF TIME-LAPSE
DATA WITH Al

In ART, Al systems are computer-based platforms
designed to process and evaluate large volumes of embryo
data. These systems generate thousands of images and
videos per embryo, creating a rich dataset that Al can
analyze to independently assess embryo quality, reduce
human error, and standardize scoring (Khosravi et al,,
2019; Tran et al., 2019). Currently, this system requires
manual data entry, which requires time and expertise. The
increasing availability of high-volume imaging data has
increased the integration of Al into TLIS in ART. Currently,
Al models are being developed to support embryo
selection, sperm selection and the integration of clinical
information, and both algorithms and datasets are
constantly expanding. The increasing availability of high-
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volume storage data has accelerated the integration of Al
into TLIS. As these datasets expand, the performance and
applications of Al algorithms are being investigated in
increasing detail.

Figure 2. After fertilization, embryos are cultured in TLIS,
the images are compiled, videos are created, images are
analyzed with different learning algorithms (deep
learning is shown in the photo) and the appropriate
embryo is selected for transfer

Oocyte

Time-Lapse Incubator Time-Lapse Videos
Fertilization

Select

& best embryo
4 | Embryo quality

Embryo chromosomal
composition

Implantation/ output

pregnancy rate

£
x J live-birth rate

Embryo Transfer Embryo Evaluation Deep Learning Algorithms

(AlSaad et al,, 2025)

Transparency and explainability of TLIS are critical
for its safe implementation. Explainable Al (XAI)
frameworks can clarify decision-making criteria, mitigate
potential risks, and build trust among clinicians. Accurate
predictions require high-quality data to capture and
accurately predict subtle morphological differences, rare
developmental events, and complex changes during
embryo development. In addition, issues and challenges in
this area, such as limited data sharing and privacy
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concerns, may negatively impact the performance of these
systems, requiring rigorous validation and regulatory
approval to ensure security, effectiveness, and cost-
effectiveness (Luong and Le, 2024).

6. ADVANTAGES AND LIMITATIONS OF TIME-
LAPSE IMAGING SYSTEMS WITH Al

Advances in imaging technology, such as high-
resolution cameras, microscopes, and advanced
algorithms, have increased the capacity to detect detailed
morphological changes and enabled more precise embryo
evaluation. While traditional morphological evaluations
continue in many IVF clinics, Al can provide deeper
insights into critical stages of embryonic development,
optimize embryo selection, and increase predictive
accuracy. As patient-specific clinical parameters such as
ovarian reserve, maternal age, endometrial parameters,
and stimulation protocols are incorporated into these
systems, Al models are expected to further enhance live
birth predictions (Yamada et al., 2024).

The choice of a TLIS is influenced by factors including
system size, cost, laboratory workload, imaging
technology, and software functionality. Platforms differ in
embryo handling procedures, light sources, and imaging
techniques. Some systems capture both morphological
and morphokinetic data, whereas others provide only
kinetic parameters. To achieve optimal tracking and
selection accuracy in these systems, the accuracy and
consistency of evaluations of software features and
scoring options (manual or automatic) must be ensured
(Mrugacz et al., 2025). Although standardization of time-
lapse systems in embryology is more objective compared
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to the subjectivity of conventional assessments, grading
variability persists even with time-lapse imaging
(Bormann et al, 2020). Standardizing morphokinetic
parameters and improving description methods will
increase the accuracy in predicting implantation and live
birth outcomes in ART treatments (Giménez et al., 2023;
Luong and Le, 2024). Numerous studies (Dominguez et al.,
2015; Milewski & Ajduk, 2017; Sawada et al.,, 2021) have
been conducted to refine Al-assisted TLIS techniques and
enhance their accuracy. Although Al's ability to process
very large data sets facilitates collaborative and objective
behavior among embryologists, it will take time for it to
be used globally. (Luong & Le, 2024).

7. CONCLUSION

Combining TLIS with Al allows for continuous and non-
invasive monitoring of embryos and accurate
documentation of their morphological developmental
timing. Al automates embryo evaluation, improves
scoring consistency, and provides valuable information
on selecting the most likely euploid and viable embryos.
While randomized trials and meta-analyses have not
shown a clear improvement in live birth rates, continued
advancements in Al and TLIS are expected to become a
routine and indispensable system in IVF laboratories in
the future, improving culture conditions and reproductive
treatment outcomes.
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