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Introduction

Assessment of human embryo development is an essential but challenging task in the in vitro
fertilization (IVF) laboratory. Embryos are assessed by embryologists in order to select the most
likely to be viable for intrauterine transfer, cryopreservation, or biopsy for preimplantation
genetic testing (PGT). Since the early days of IVF in the 1980’s when embryos were
optimistically viewed as ‘nice, very nice, or very very nice’ (Jacques Cohen, personal
communication), a relatively large number of early embryo morphological features have been
identified and investigated for their association with viability, implantation, live birth, and
chromosomal status. Yet, morphology assessment remains largely subjective and prone to
inter- and intra-observer and inter-laboratory variability (Arce et al., 2006, Baxter Bendus et
al., 2006, Martinez-Granados et al., 2017, Storr et al., 2017).

In the past decade, the most significant advance in embryo assessment has been the
introduction of sophisticated time-lapse microscopy technologies (TLT). This has led to the
emergence of ‘morphokinetics’ assessment. As the term implies, morphokinetics represents
the integration of morphology (the form and structure of embryos) with kinetics (the dynamics
of their development), providing a comprehensive framework for understanding and
evaluating embryo viability. These technologies allow continuous observation of embryo
development, with minimal manipulation or disruption of culture (ESHRE working group on

Time-lapse technology, 2020).

Hundreds of papers have been published on embryo assessment. The studies are mostly
retrospective and heterogeneous with respect to some key parameters including patient
population, outcome measures, control for confounders, laboratory procedures, and embryo
culture conditions. Furthermore, morphokinetic studies, as well as classical morphological
studies, may be influenced by maternal age, smoking status, ovarian stimulation protocols, and
insemination methods, among other factors (Braga et al., 2015, Ubaldi et al., 2016, Grgndahl
et al., 2017, Barrie et al., 2021a, Bamford et al., 2022). Nonetheless, TLT observations have
significantly contributed to our understanding of developmental events, and morphology

assessments are now enhanced by morphokinetics.

Over a decade ago, Alpha Scientists in Reproductive Medicine and ESHRE special interest group
of Embryology collaborated to produce the Istanbul Consensus on assessing oocytes, zygotes
and embryos (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group
Embryology, 2011).

The Istanbul Consensus (2011) established common criteria and terminology for grading
oocytes, zygotes and embryos that are now updated in this paper through close examination,
compilation, analysis, and interpretation of data published in the intervening years. Most
important, the new recommendations incorporate some embryo morphokinetic features that
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have been elucidated since the introduction of TLT and can inform and complement the static
observation approach.

Terminology

Embryologists routinely make decisions on disposition of oocytes and embryos, that is,
whether they are clinically usable or should be discarded. Clinical use of oocytes and embryos
is defined as use for an IVF/ICSI treatment, biopsy/PGT, cryopreservation, transfer, and
donation.

In the updated set of recommendations provided in this manuscript, the working group used
the terms embryo grading, ranking, and selection. Embryo grading is the evaluation of embryos
using a specific set of criteria to assign a quality score: the number, size, and shape of
blastomeres, the degree of fragmentation, the inner cell mass (ICM) and trophectoderm (TE)
morphology and expansion, etc. Embryo ranking refers to the process of ordering clinically
usable embryos based on grading and other assessment criteria, from most to least favourable
for transfer. Embryos are ranked according to their perceived potential for implantation and
development, which is determined by morphological and, when available, genetic factors. This
is a prioritization of which embryo(s) to transfer first. Embryo selection for transfer involves
consideration of ranking and other factors to select embryos for transfer into the uterus. The
goal is to select the embryo(s) with the highest likelihood of resulting in a successful pregnancy
and live birth.

Current data on oocyte and embryo assessment criteria

1. Expected timeline of embryo development

Development of the human embryo begins with fertilization and continues with a series of
mitotic events each of which doubles the cell number as the embryo develops from a single
cell into a multicellular blastocyst (Ciray et al., 2014). At fertilization, once the two pronuclei

break down, paternal and maternal chromosomes are assembled into a bipolar mitotic spindle
(syngamy), before sister chromatids are orderly segregated in the first two blastomeres at first
cleavage. The resulting undifferentiated daughter cells are expected to be genetically identical.
In the initial developmental phases, blastomere function is under the primary control of a
delicate regulatory mechanism guided by maternal factors (Sha et al., 2020). However, recent

studies have investigated the fine details of the first event of chromosome segregation in the
human embryo, revealing a highly error-prone mechanism (Currie et al., 2022). Although exact

timing is uncertain, embryonic genome activation should be well underway by the 8-cell stage,
triggered by the degradation of the maternal transcripts (Braude et al., 1988, Vassena et al.,
2011, Asami et al., 2022, Yuan et al., 2023).
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Since the competence of the human embryo is reflected in its developmental timeline,
assessment of morphology should be in accordance with predefined times.

The original Istanbul Consensus (2011) on embryo assessment proposed specific timings for
observations of fertilized oocytes and embryos, and their expected stage of development at
these time points. These timings were relative to the insemination time and aimed to reflect
when the events of interest occur generally (Table 1). Times for observations were provided
for the following stages: fertilization, syngamy, early cleavage, Day-2, -3, -4 and -5 embryo
assessment. The Istanbul Consensus (2011) differentiated between ICSI- and IVF-derived
embryos only for one stage of development - early cleavage. Specifically, the 2-cell stage was
proposed to be checked two hours earlier post ICSI (261 hours post-insemination (hpi)), than
IVF (2841 hpi) (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group
Embryology, 2011). The rationale behind this suggestion is that pronuclear formation post IVF

is observed about 1 hour later than post ICSI (Nagy et al., 1998), where the cumulus-corona

complex, zona pellucida and oolemma are bypassed, conserving the time required for the
spermatozoon to traverse this path (Payne et al., 1997).

Studies have shown that early cleavage is an independent predictor of embryo quality (in terms
of cell number and morphology at later cleavage stages), blastocyst formation, pregnancy and
birth, although there were apparent differences between ICSI- and IVF-derived embryos
(Shoukir et al., 1997, Lundin et al., 2001, Van Montfoort et al., 2004).

Several subsequent reports of the relative morphokinetic timings of IVF- and ICSI-derived
embryos have been described in the literature and were considered in this revised version of
the Istanbul Consensus. For example, several studies reported that only timing of the first
cleavage was affected by fertilisation method, with IVF embryos reaching the 2-cell stage
significantly later than their ICSI counterparts (Dal Canto et al., 2012b, Kirkegaard et al., 2016).
Another study detected comparative delays in IVF embryo development beyond the 2-cell

stage of 1.5 +/- 1.1 hours (Bodri et al., 2015). A recent randomised controlled study compared

morphokinetics of 373 sibling IVF and ICSI embryos and reported that only t2 was significantly
delayed in IVF embryos (De Munck et al., 2022). A large TLT study of 2376 embryos reported
that time to 2-cell (t2) was 0.98 h earlier in ICSI-derived embryos (excluding those from donor

sperm) while time to initiation of blastulation (tSB), and time to full blastocyst (tB) were 1.157
h and 1.510 h later, respectively, compared with IVF-derived embryos (Barrie et al., 2021a).

Furthermore, many morphokinetic-based studies have investigated the possible influence of
other intrinsic and extrinsic factors on the timing of embryo development (ESHRE working

group on Time-lapse technology, 2020). Two of the most studied patient variables are age of

gamete providers and body mass index (BMI) albeit with varying findings and no meta-analyses
or definitive studies yet available (Lebovitz et al., 2021, Setti et al., 2021, Bellver, 2022, Boucret
etal., 2022, Hoek et al., 2022).
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Whether ovarian stimulation protocol impacts embryo developmental timing has also been
investigated using morphokinetic analyses with some apparent differences during early
cleavage stages but no effect on overall embryo quality (Barrie et al., 2017a, Mumusoglu et al.,
2017, Dietrich et al., 2020).

Culture medium type and oxygen tension have also been studied in relation to the timing of
preimplantation developmental events, including a large analysis of over 10,000 embryos
(Dietrich et al., 2020). This study compared two culture media and reported differences in the

timing of compaction initiation but not the start of blastulation. Other factors known to affect
embryo development, such as temperature and pH, can influence embryo morphokinetics;
lower temperature and culture medium pH drift (typically in an alkaline direction) are
associated with slower embryo development (Swain, 2015, Wale and Gardner, 2016). The

impact of oxygen level during culture, a major influencer of embryo development, has not been
extensively studied. However, development and implantation rates decrease when
atmospheric oxygen level is employed, compared with lower, more physiological levels (Quinn
and Harlow, 1978, Gardner and Kelley, 2017). Using TLT imaging, and similar to data in the

mouse (Wale and Gardner, 2010), a prospective study compared the developmental timings

of embryos according to oxygen tensions, reporting significantly slower development in
embryos cultured in 20% oxygen compared with 5% (Kirkegaard et al., 2013).

Another area of scrutiny has been embryo chromosome status. A recent systematic review and
meta-analysis incorporating over 40,000 embryos concluded that ten morphokinetic variables
were significantly delayed in aneuploid embryos, most notably from t8 to the expanded
blastocyst stage (Bamford et al., 2022). Irregularities of cleavage, such as prolonged or rapid

cell cycles, may be associated with DNA repair activity, cellular rearrangement or failure to
undergo cell cycle checkpoints (Regin et al., 2022).

Because TLT enables the precise recording of embryo developmental timings, and as some
significant differences have been reported based on specific outcome measures such as clinical
pregnancy and chromosome complement, morphokinetic selection algorithms are being
proposed to improve embryo selection and thereby, shorten the time to pregnancy (Meseguer
et al., 2011, Petersen et al., 2016, Pribenszky et al., 2017, Fishel et al., 2020). The potential of
individual morphokinetic variables to predict clinical outcomes, has recently been assessed in

two large analyses of over 30,000 embryos; the results show that peri-blastulation timings have
more power to predict live birth than traditional TE or ICM morphology (Bamford et al., 2022,

Campbell et al., 2022a). However, two recent randomized controlled trials (RCTs) found no

improvement in ongoing pregnancy rate or cumulative live birth rate or live birth rate per
transfer, when using TLT algorithmic selection (Ahlstrém et al., 2022, Kieslinger et al., 2023),

corroborating the findings of the latest Cochrane review (Armstrong et al., 2019).
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TLT studies can help inform and optimise static assessment timing windows in the IVF

laboratory. However, many laboratories do not have this technology and the familiar, reliable

daily descriptors remain practically applicable, although somewhat imprecise. Since the

publication of the original Istanbul Consensus (2011), the convention of describing the timing

of preimplantation development in terms of number of days (post insemination) has come to

be viewed as simplistic, largely due to the facility to observe the developing embryo almost

continuously, in minutes and hours, rather than days, using TLT imaging.

Consensus points

Standardized timing of observations is critical to reliable comparison of results between
different laboratories, culture conditions, patients, etc. This should be set relative to
the time of insemination, and uniformly reported as hours post-insemination.

There is an inherent variability in timing of all biological processes; the suggested
observation times reflect those at which the associated developmental stages occur in
most patients/cases, whilst accepting there are confounding and influencing factors,
including human subjectivity.

Culture media and culture systems in general are recognized as having a significant
impact on embryo morphokinetics; accordingly, their impact should be considered in
comparative studies.

Each laboratory is encouraged to develop and analyse its own datasets to determine
relevant timings. Data generated by other laboratories may or may not be generally
applicable.



164 Table 1 Time lapse data generated reference timings related to specific embryo developmental stage assessments: Morphokinetic timings are obtained from manually annotated embryos in vitro (n=140,872 2PNs - 56,066 IVF and
165 84,806 ICSI-) (Unpublished Care Fertility multicentre data 2013-2022), fresh oocytes only. Nomenclature and definitions are based on (Ciray et al., 2014). Regarding day 6 and 7 observations, this dataset does not have sufficient data
166 available to offer guidance for observation. However, see section 6 (blastocyst stage) regarding assessment of blastocysts beyond day 5.

167

Type Timing (hpi) Expected stage of development Median time to reach Assessment time for each developmental stage to  Proportion expected to be at stage
observation developmental stage (rounded  give highest chance of observation (hpi). required for specific assessment. Rounded.
to nearest hour) Rounded. After fertilization check, all +/-1 hour
Fertilization check 17+/-1 Pronuclear stage N/A 16-17 (ICSI or IVF) 98% with visible pronuclei (Barrie et al., 2021)
. tPNf (time to pronuclear fading)
0,
Syngamy check 23+/-1 Expect 50% to be in syngamy (up 10 53 \cq) 25 (ICSl) 53%
20% may be at 2 cell stage) 24 (IVF) 26 (IVF) 530
t2 (time to 2 cell)
Early cleavage check gg:ﬁ E:\C/:IS:I)) 2 cell stage 26 (ICSI) 31 (ICSI) 7%
27 (IVF) 32 (IVF) 79%
5 t4 (time to 4 cell)
Esiﬁsinmyo 44+/-1 4 cell stage 38 (ICSI) 43 (ICS1) 64%
39 (IVF) 45 (IVF) 67%
5 t8 (time to 8 cell)
Esiisini?nﬁryo 68+/-1 8 cell stage 57 (ICS1) 63 (ICSI) 49%
58 (IVF) 65 (IVF) 51%
Dav-4 embrvo tM (time to morulae)
assissmem y 92+/-2 Morulae 89 (1CSI) 93 (ICSl) 47%
91 (IVF) 95 (IVF) 44%
tB (time to full blastocyst)
108 (1CSI) 108 (1CSI) 47%
5 107 (IVF) 108 (IVF) 52%
Day-5 emt;ryo 116+/-2 Blastocyst
assessmen tEB (time to expanded blastocyst)
113 (ICsl) 111 (ICsl) 34%
113 (IVF) 112 (IVF) 34%
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2. Oocyte

Oocyte morphology may be assessed with the aim of predicting the developmental
competence of the resulting embryo. In the relevant literature, several extra-cytoplasmic -
cumulus oocyte complex (COC), zona pellucida (ZP), perivitelline space (PVS), polar body (PB),
shape, size) - and intracytoplasmic - vacuoles, refractile bodies (RFs), aggregates of smooth
endoplasmic reticulum clusters (sER-a), central granularity, colour - oocyte dysmorphic
features are reported.

In this section, the predictive value of oocyte morphological characteristics/dysmorphism for
embryo developmental potential is assessed (Table 2). Moreover, the possible use of oocytes
that are immature at the time of oocyte retrieval following standard controlled ovarian
stimulation (COS) — so called rescue-IVM - is considered.

Oocyte morphological features relevant to oocyte scoring

The Istanbul Consensus (2011) described the optimal oocyte morphology as an oocyte with a
spherical shape enclosed by a uniform zona pellucida, with a uniform translucent cytoplasm
free of inclusions, and a size-appropriate polar body. Furthermore, it was noted that oocytes
undergo both nuclear and cytoplasmic maturation, and that these processes are not
equivalent, nor are they necessarily synchronous.

The survey results showed that 35% of respondents always apply the Istanbul Consensus
(2011) recommendations to score oocytes, ranging from 22% for scoring the cumulus-oocyte
complex (COC) to 53% scoring the polar body (Supplementary data SlI, figure 3.B).

Cumulus oocyte complex
Most studies showed an association between COC morphology and biological and clinical

outcomes (Daya et al., 1990, Ng et al., 1999, Lin et al., 2003, La Sala et al., 2009, Dal Canto et
al., 2012a). More specifically, the presence of a compact COC and a very tight corona has been

found to be negatively associated with fertilization and pregnancy rates. On the other hand,
no association was observed in one study between COC morphology and fertilization rate or
embryo cleavage (Rattanachaiyanont et al., 1999). Further evidence indicates that the

presence of blood clots trapped in the COC has a negative impact on outcomes even if removed
during oocyte collection (Daya et al., 1990, Ebner et al., 2008a).

These data suggest that such COC characteristics, if present in most of collected COCs from
one patient, should be noted, especially if conventional IVF (cIVF) is used for insemination.
However, further studies are necessary before establishing the potential predictive value of
this assessment for embryo competence.

Zona pellucida
Different ZP phenotypes (increased thickness, irregularities of the surface and increased

density) have been reported. Some studies showed that oocytes with indented, dark and/or
8
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heterogeneous ZP had lower fertilization rate, embryo quality, embryo development,
pregnancy, implantation and live birth rates (Shi et al., 2014, Sauerbrun-Cutler et al., 2015,
Sousa et al.,, 2015, Pan and Zhang, 2020, Yang et al., 2022). On the other hand, in several
studies, ZP with diverse phenotypes showed no association with fertilization rates, embryo
quality, or implantation rates (De Sutter et al., 1996, Balaban et al., 1998, Esfandiari et al., 2006,
Ten et al., 2007, Rienzi et al., 2008), embryo cryo-survival, and blastocyst and hatching rates
(Balaban et al., 2008).

Only one study investigated the fertilization potential of oocytes without ZP (Ueno et al., 2014).

Very rarely, two oocytes may share a single ZP. One live birth of dizygotic twins obtained from
transfer of a pair of (zona-)conjoined blastocysts has been reported (Magdi, 2020). Moreover,
two case reports described live births obtained from the transfer of embryos derived from
insemination of (zona-)conjoined oocytes, one mature and the other immature (Fu et al,,
2022a, Wang et al,, 2022).

Evidence was insufficient to support any negative prognosis of zona pellucida characteristics
on embryo developmental potential. Oocytes showing different ZP phenotypes are therefore
considered suitable for clinical use.

Perivitelline space

Contradictory reports are found in the literature assessing different PVS phenotypes and
developmental competence (De Sutter et al., 1996, Balaban et al., 1998, Hassan-Ali et al., 1998,
Farhi et al., 2002, Chamayou et al., 2006, Ten et al., 2007, Balaban et al., 2008, Rienzi et al.,
2008, Ashrafi et al., 2015, Sauerbrun-Cutler et al., 2015, Ferrarini Zanetti et al., 2018, Weghofer
etal., 2019). Three studies have focused in particular on large PVS and fertilization rate, finding
a significant negative association (De Sutter et al., 1996, Xia, 1997, Ten et al., 2007, Rienzi et
al., 2008, Setti et al., 2011, Ashrafi et al., 2015)

On the other hand, evidence was insufficient to support a negative prognosis for embryo
developmental potential. Oocytes showing different PVS phenotypes are therefore considered
suitable for clinical use.

Polar body

Large or fragmented PB are commonly reported. No significant association was found between
polar body fragmentation and fertilization. Although some studies showed an association
between different PB phenotypes and early embryo development (Ebner et al., 2000,
Chamayou et al., 2006, Fancsovits et al., 2006, Rienzi et al., 2008, Navarro et al., 2009, Zhou et
al., 2016), no association with implantation or clinical pregnancy was reported (Verlinsky et al.,
2003, Ciotti et al., 2004, De Santis et al., 2005, Ten et al., 2007).
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Evidence was insufficient to support any negative prognosis of polar body size and
fragmentation on embryo developmental potential. Oocytes showing fragmented or large PB
are therefore considered suitable for clinical use. However, a disproportionately large polar
body, although very rare, could be associated with abnormal meiotic spindle placement and
deserves more attention.

Shape

Mature human oocytes generally have a spherical shape, nevertheless oocytes with ovoid
shapes are reported. Overall, an ovoid shape, does not appear to affect laboratory and clinical
outcomes (De Sutter et al., 1996, Balaban et al., 1998, Chamayou et al., 2006, Ten et al., 2007,
Yakin et al., 2007). In case of an ovoid oocyte that leads to planar arrangement of blastomeres

at 4-cell stage, further development up to blastocyst stage was found to be delayed (Ebner et
al., 2008c).

Irregularly shaped oocytes are considered suitable for clinical use.

Oocyte size
Without consideration of the ZP thickness, small (<100 um diameter) and large oocytes (=125

um diameter) have been reported to have very low developmental potential (Bassil et al.,
2021).

Giant oocytes (e.g. >180 um diameter) should be excluded from clinical use due to their
possible tetraploid origin (Rosenbusch et al., 2002, Kitasaka et al., 2022). Presumably, these

oocytes originally derive from the fusion of two primordial oocytes. This is suggestive of the
presence of two diploid chromosome complements and an overall tetraploid oocyte
constitution (Balakier et al., 2002, Rosenbusch et al., 2002, Munné et al., 2004). On the other
hand, siblings of giant oocytes with normal diameter have been shown to have normal

developmental potential (Machtinger et al., 2011, Lehner et al., 2015).

Vacuolization
Vacuoles are membrane-bound, translucent or fluid-filled cytoplasmic inclusions or SER

vesicles (Otsuki et al., 2004, Sfontouris et al., 2018). Vacuoles can appear individually or in

multiples (Fancsovits et al.,, 2011) and are assumed to originate as independent formations

(Van Blerkom, 1990) or from the fusion of existing vesicles derived from the SER and/or Golgi
apparatus (Veeck, 1999). Very large vacuoles (>25 um) might distort the oocyte cytoskeletal
structure, impairing sperm—oocyte signalling, sperm binding, meiotic resumption, and embryo
development (Wallbutton and Kasraie, 2010, Dal Canto et al., 2017).

Different studies have shown that vacuolization is associated with lower fertilization rate,
compromised embryo development, blastulation and cryo-survival rates (Ebner et al., 2005,
Balaban and Urman, 2006, Ebner et al., 2006, Ten et al., 2007, Balaban et al., 2008, Rienzi et

al., 2008, de C3ssia et al., 2010, Sousa et al., 2016). In particular, the association between the
10
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presence of vacuoles and lower fertilization was confirmed in a meta-analysis (Setti et al.,
2011). However, in this analysis, evidence was insufficient to support any negative prognosis
in relation to embryo developmental potential. Oocytes showing vacuoles are therefore
considered for clinical use. In ICS| cases, however, care should be taken in avoiding injection of
the sperm into a vacuole.

Refractile bodies
RFs consist of a mix of lipids and dense granular material. They exhibit a yellow
autofluorescence typical of lipofuscin (Sathananthan, 1994). A small number of publications

have investigated the predictive value of refractile bodies and embryo developmental potential
(Alikani et al., 1995, De Sutter et al., 1996, Balaban et al., 1998, Ebner et al., 2000, Otsuki et al.,
2004, Setti et al., 2011, Takahashi et al., 2020). A lower fertilization rate is associated with the
presence of such phenotype.

Although fertilization rate may be affected, the evidence was insufficient to support any
negative prognosis of this phenotype for further embryo development. Oocytes showing
refractile bodies are therefore considered suitable for clinical use.

Smooth endoplasmic reticulum clusters

From an ultrastructural standpoint, SER-a consist of tubular clusters surrounded by
mitochondria that appear as more densely packed areas than the surrounding regions (S3 et
al., 2011). SER-a have been described as potential biomarkers of oocyte quality. Numerous
studies suggested lower fertilization (S4 et al., 2011, Massarotti et al., 2021), embryo quality
(Ebner et al., 2008b, S4 et al., 2011, Braga et al., 2013, Massarotti et al., 2021, Wang et al.,
2021) and pregnancy rates (Otsuki et al., 2004, Setti et al., 2016, Gurunath et al.,, 2019,
Massarotti et al., 2021), and increased miscarriage rates (Otsuki et al., 2004, Ebner et al,,

2008b, Braga et al., 2013). Moreover, in small studies, higher rates of perinatal complications

and birth defects were reported as being associated with this dysmorphism (Otsuki et al., 2004,
Ebner et al., 2008b, Akarsu et al., 2009, Sé et al., 2011, Mateizel et al., 2013, Sfontouris et al.,
2018). Conversely, more recent studies and a meta-analysis reported no difference in

fertilization rate, blastocyst formation rate, neonatal outcomes (Hattori et al., 2014, Shaw-
Jackson et al., 2016, Itoi et al., 2017, Zhang et al., 2021, Fang et al., 2022) and euploidy rates
(Xu et al., 2022, Mizobe et al., 2023, Wang et al., 2023); this body of evidence reinforces the
recommendation, also supported by the Vienna Consensus (ESHRE Special Interest Group of

Embryology and Alpha Scientists in Reproductive Medicine, 2017) that clinical use of SER-a

positive oocytes may be considered.

Granularity
Oocytes with central granulation have been associated with defective pronuclear morphology,

reduced embryo quality (Ebner et al., 2008a, Rienzi et al., 2008), decreased cryo-survival rate,

compromised embryo developmental competence (Balaban et al., 2008, Ebner et al., 2008a,

11
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Rienzi et al., 2008) and lower ongoing pregnancy rate (Kahraman et al., 2000). In contrast,

other studies and meta-analyses suggest that centrally localized cytoplasmic granulation
(CLCG) might be a normal/typical oocyte morphological feature (Wilding et al., 2007, Setti et

al., 2011, Yi et al., 2019) . Currently, there are no studies investigating the potential of these

oocytes to produce viable pregnancies. Available evidence is insufficient to support a negative
prognostic value of this dysmorphism relevant to embryo developmental potential. Oocytes
showing cytoplasmic granularity are therefore considered suitable for clinical use.

Colour

Few studies investigated translucency variation, often observed together with other
anomalies. Some studies suggested an association between ooplasm darkness and poorer
embryo quality (Loutradis et al., 1999, Ten et al., 2007). However, this finding was not

confirmed by other investigations (De Sutter et al., 1996, Balaban et al., 1998, Esfandiari et al.,
2006, Balaban et al., 2008, Shi et al., 2014). The highly subjective nature of these observations
as well as heterogeneity of the data preclude any conclusions. Oocytes showing variations in

translucency are therefore considered suitable for clinical use.

Immaturity
After standard COS, approximately 15-20% of oocytes fail to reach the metaphase Il (Mll) stage,

arresting at the metaphase | (M) or germinal vesicle (GV) stages (ESHRE Special Interest Group
of Embryology and Alpha Scientists in Reproductive Medicine, 2017, ESHRE Clinic Pl Working
Group, 2021). Immature oocytes are usually not used for insemination and are discarded.

However, in the case of poor prognosis patients and in patients with an unsynchronized follicle
cohort, the use of immature oocytes that can mature after a period of in vitro culture (rescue
IVM-oocytes) could contribute to the number of embryos obtained in each cycle, potentially
increasing the chances of pregnancy (Shu et al., 2007). Several studies have shown that Ml

oocytes that mature within 2-6 hours from denudation may be injected and contribute to the
number of available embryos (De Vos et al., 1999, Balakier et al., 2004, Shu et al., 2007). By
contrast, overnight in vitro culture of Ml and GV oocytes did not improve results. GV and Ml

oocytes that mature in vitro after 24 hours have compromised results in terms of fertilization
and blastocyst formation rates (Yang et al., 2021), most probably due to a higher risk of being

chromosomally abnormal (Strassburger et al., 2010). TLT analysis has also confirmed that

rescue IVM oocytes differ from their sibling MIl oocytes in the morphokinetic profile, showing
a delay in the early stages of embryo development (Faramarzi et al., 2018, Margalit et al., 2019,

Shani et al., 2023). However, the feasibility of the rescue-IVM approach is nevertheless

supported by some studies reporting a contribution to embryo vyield, and few live births
obtained using those embryos (Rubino et al., 2016, Escrich et al., 2018, Moon et al., 2023, Shani

etal, 2023).

Due to their lower developmental potential, immature oocytes could be considered for clinical

use only in poor prognosis cases.
12
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Oocyte morphology and morphokinetics

Some studies investigated a possible relationship between different cytoplasmic phenotypes
and morphokinetics.  Although not a standard procedure for oocyte assessment, ZP
birefringence was shown in a recent study not to be correlated with embryo morphokinetics
(Tabibnejad et al., 2018), while another study reported an early t5 in oocytes with high

birefringence (Faramarzi et al., 2017). In the latter study, tPB2, t5 and t8& (time to extrusion of

the second PB and development at the 5- and 8-cell stage, respectively), were associated with
oocyte diameter, while PVS size showed no association with early development
morphokinetics (Faramarzi et al., 2019). Finally, the incidence of failure of second polar body

extrusion and the incidence of mitotic cleavage failure in oocytes with SER-a were found to be
significantly higher than that in oocytes without SER-a (Otsuki et al., 2018).

Overall, individual dysmorphic features may not be strongly associated with viability and
development potential or clinical outcomes. However, it is possible that occurrence of two or
more of these features together exerts a negative influence on outcomes (Alikani et al., 1995,
Bartolacci et al., 2022).

Consensus points
e Giant oocytes should be excluded from clinical use.

e The use of small/large oocytes and IVM-rescued oocytes should be documented for
prognostic and traceability purposes due to their apparently lower developmental
potential.

e Finally, embryos derived from Mll oocytes free of large or multiple vacuoles, SER-a, and
very large first PB should be prioritized for clinical use.

e Follow-up of babies born from oocytes with atypical phenotypes and rescue IVM demands
attention.
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Table 2 Overview of all evidence and recommendations for oocyte assessment

Overview of all recommendations on oocyte assessment

Presence of
blood clots

rate

Very low @O OO0

2 observational studies (Daya et al.,
1990; Ebner et al., 2008)

formation

Very low @O OO0

1 observational study (Ebner et al.,
2008)

necessary before
establishing the potential
predictive value of this
assessment on embryo
competence

Morphological Atypical Summary of review findings Considerations Recommendation
feature patterns
Fertilization rate Blastocyst formation rate Implantation rate Live birth rate
Association with lower fertilisation Association with lower
rate pregnancy rate
Compact COC Very lowd OO0 / Very low 8OO0 /
1 observational study 1 observational study (Dal
(Rattanachaiyanont et al., 1999) Canto et al., 2012)
coc Associated with lower fertilisation Associated with lower blastocyst Further studies are

The presence of a dense COC and a
very tight corona, if present in most
of collected COCs from one patient,
should be noted

zona pellucida

Dark/Thick zona

Contradictory results:

No clear association with
fertilisation rate

Very low @ OO0

6 observational studies (De Sutter et
al., 1996; Balaban et al., 1998;
Esfandiari et al., 2006; Ten et al.,
2007; Rienzi et al., 2008; Shi et al.,

No clear association with
blastocyst formation

Very Low @O 00

1 observational study (Balaban et
al., 2008)

Contradictory results:
No clear association with
implantation rate

Very low 8OO0

3 observational studies
(Esfandiari et al., 2006;
Balaban et al., 1998; Pan
and Zhang 2020)

Association with lower live
birth rate

Very low @ OO0

3 observational studies (Shi
et al., 2014; Sauerbrun-
Cutler et al., 2015; Sousa et
al., 2015)

Evidence is insufficient to
support any negative
prognosis of zona pellucida

Oocytes showing different ZP
phenotypes are suitable for clinical

Perivitelline space

pellucida 2014) Association with lower characteristics/ use
Associated with lower fertilisation implantation rate dysmorphisms on embryo ’
rate very low 8000 developmental potential
Very low @000 3 observational studies (Shi
observational studies (Bertrand et etal., 2014; Sauerbrun-
al., 1995; Shi et al., 2014; Pang and S eitsll, 20Le) Souse
Zhang, 2020) al.,, 2015)
Association with lower fertilisation
rate
Low @O0 - .
Large PVS 1 meta-analysis of 4 observational Association with lower / Evidence is insufficient to

Granulated PVS

studies and 2 observational studies
(Setti et al., 2011; Rienzi et al., 2008,
Ashrafi et al., 2015)

No clear association with
fertilisation rate

Very Low @O OO0

A meta-analysis of 3 observational
studies (Setti et al., 2011)

No clear association with
blastocyst formation rate

Very low 8OO0

1 observational study (Ferrarini
Zanetti et al., 2018)

implantation rate
Very low 8OO0

1 observational study
(Kahraman et al., 2000;
Ferrarini Zanetti et al.,
2018)

support any negative
prognosis of atypical PVS
phenotype/size on embryo
developmental potential

Oocytes showing different PVS
phenotypes are suitable for clinical
use.

Polar body

Fragmented PB

No association with fertilisation
rate

Low @O0

1 meta-analysis of 7 observational
studies (Setti et al., 2011; Ashrafi et
al., 2015)

Association with lower fertilisation
rate

Association with lower blastocyst
formation

Very Low @O 000

1 observational study (Zhou et al.,
2016)

No clear association with
implantation ate

Very low @ OO0

4 observational studies
(Verlinsky et al., 2003;
Ciotti et al., 2004; De Santis
et al., 2005; Chamayou et
al., 2006; Ten et al., 2007;
Zhou et al.,, 2016)

No clear association with
ongoing/ delivery rate

Very low @ OO0

1 observational study (Zhou
etal.,2016)

Future quantitative studies
are necessary to understand
the potential negative
impact of large polar bodies
on embryo developmental
potential

Oocytes showing fragmented or
large PB are suitable for clinical use.
Very large polar body could be
associated with abnormal meiotic
spindle configuration and deserve
more attention

studies (Setti et al., 2011; Esfandiari
et al., 2006; Shi et al., 2014)

al., 2008)

observed together with other
anomalies.

Large PB Low BOOO / / /
A meta-analysis of 4 observational
studies (Setti et al., 2011)
Association with lower fertilisation Association with lower blastocyst
rate formation rate Evid . fficient t
vidence was insurricient to
Low @O0 Verylow @ OO0 i i
Vacuolization Presence of 1 meta-analysis 3 observational observational study (Ebner et al., / / support any negative Oocytes showing vacuoles are
vacuoles studies and 3 observational studies  2005; Sousa et al., 2016) prognosis on embryo suitable for clinical use
(Setti et.al., 2011; Rienzi et al.., 2008; developmental potential
De Cassia et al., 2010; Ashrafi et al.,
2015)
No clear association with No clear association with No clear association with
fertilisation rate blastocyst formation implantation ate
Low @O0 Very Low @O OO0 Very low @O0
Presence of . ; . . " A -0
refractile bodies 1 meta-analysis of 3 observational 1 observational study (Takahashi (Balaban et al. 1998, / Evidence was insufficient to
studies and 1 observational study etal., 2016) Takashaki et al., 2016)) support any negative
. . (Setti et al., 2011; Takahashi et al., . _ Oocytes showing refractile bodies
Refractile bodies 2016) prognosis of this phenotype ] ..
are suitable for clinical use.
Association with lower fertilisation Association with lower blastocyst on further embryo
. rate formation rate developmental potential.
Large refractile
. Very low @OOO Very low @OO0O
bodies (>5pum) X . R .
1 observational study (Otsuki et al., 1 observational study (Otsuki et
2007) al., 2007)
No clear association with No clear association with
fertilisation rate blastocyst formation
Low @O0 Low @000
Presence of 10 observational studies (Sa et al. 9 observational studies (Sa et al. SER-a positive oocytes could be
SERs smooth ER 2011; Ebner et al., 2008; Wang et al.,  2011; Ebner et al., 2008; Wang et / / / T Y ye—.
e 2021; Otsuki et al., 2004; Setti et al., al., 2021; Setti et al., 2016; . ! Y
BEres 2016; Gurunath et al., 2019; Xu et Gurunath et al., 2019; Xu et al., evaluation
al., 2022; Hattori et al., 2014; Shaw- 2022; Hattori et al., 2014; Shaw-
Jackson et al., 2016; Fang et al., Jackson et al., 2016; Fang et al.,
2022) 2022)
Association with lower fertilisation Association with lower blastocyst ~ Association with lower The difference was
rate formation rate implantation rate - PG
statistically insignificant, and
Low @600 Very Low OO0 Very low 8OO0 th id ’ o howi I .
) Central 7 observational studies (Rienzi etal., 1 gbservational study (Balaban et 1 Observational study ) € e‘{' .ence was OCVteS.S owing ?Vtop asm"f .
Granularity cytoplasmic 2008; Kahraman et al., 2000; Wilding 5], 2008) (Kahraman et al., 2000) / insufficient to support any granularity are suitable for clinical
granulation etal., 2007; Serhal et al., 1997; negative prognosis of this use
Balaban et .aI., 1998; Chamayou et phenotype on embryo
al., 2006; Yi et al., 2019) .
developmental potential.
No association with fertilisation Association with lower blastocyst No association with
rate formation rate implantation rate
Very low @ OO0 Very low @ OO0 Very low @000
Shape Ovoid oocyte 2 observational studies (Ebner etal., 1 observational study (Ebner etal,, ~ Observational studies /
2008; Braga et al., 2013) 2008) (Balaban et al., 1998;
Chamayou et al., 2006; De
Sutter et al., 1996; Ten et
al., 2007; Yakin et al., 2007)
No association with fertilisation Associated with lower blastocyst L .
e R Few studies investigated
Colour Ooplasm Low BHOO Very Low 8OO0 / / colour variation, often Oocytes showing colour variation
darkness 1 meta-analysis and 2 observational 1 observational study (Balaban et are suitable for clinical use.
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Immaturity

Immature MI
oocytes

Immature GV

Association with lower fertilisation
rate

Low 600

6 observational studies (De Vos et
al., 1999; Balakier et al., 2004; Shu et
al., 2007; Strassburger et al., 2010;
Shani et al., 2023; Yang et al., 2021)
No clear association with
fertilisation rate

Very Low @O OO0

Association with lower blastocyst
formation

Verylow @ OO0

1 observational study (Yang et al.,
2021)

No clear association with
blastocyst formation

Very Low @O0

Few live births obtained
from rescue IVM

Very low @OQO0O

4 observational studies
(Escrich et al., 2018; Moon
etal., 2023; Rubino et al.,
2016; Shani et al., 2023)

Due to their lower developmental
potential, immature oocytes could
be considered in case of poor
prognosis individuals/couples
and/or when alternatives are not
available.

t
Sl 2 observational studies (Escrich et 1 observational study (Escrich et
al., 2018; Shani et al., 2023) al., 2018)

Oocyte with Very low development potential Due to their lower develoPmental

small ooplasm Very low 8OO0 / / potential, very small oocytes could

(<100 um 1 observational study (Basil et al., be considered only when

glamety A2 alternatives are not available.
Oocyte size ciane . Potential complications It is recommended to exclude giant

(:;‘0 :‘:V < very low @000 ; ; oocytes from all IVF/ICSI treatment

TE ] 2 observational studies (Kitasaka et programs due to their presumably

al., 2022; Rosenbusch et al., 2002)

possible tetraploid origin.

COC: cumulus oocyte complex; sERs: smooth endoplasmic reticulum clusters sERs; GV: Germinal vesicle; Table colour code: Green: the oocyte can be clinically used; Yellow: the oocyte could be used with cautionary considerations. Red: the oocyte is not considered suitable for

clinical use.
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3. Zygote stage

TLT has revealed the complexity of morphokinetic changes occurring during normal (Payne et
al., 1997, Mio and Maeda, 2008, Aguilar et al., 2014, Coticchio et al., 2018) and abnormal (Ezoe
etal., 2022b, Wei et al.,, 2022) fertilization, leading to a more accurate and in-depth approach

to fertilization assessment. Dynamic monitoring of this stage was previously inaccessible by
static observation. PGT-A is also contributing to define the chromosomal constitution of
zygotes with pronuclear abnormalities.

In this section, the optimal timing for zygote assessment and the significance of zygote
characteristics for embryo developmental potential are reviewed.

Timing of zygote assessment
The Istanbul Consensus (2011) considered static fertilization assessment “straightforward,
based on the observation of two polar bodies (PBs) and two pronuclei (PNs) at 17 + 1 hpi.”

The survey results showed that 68% of respondents always apply the Istanbul Consensus
(2011) recommendations to assess the zygote stage at 17h + 1 hpi (Supplementary data SlI,
figure 3.A).

Only one, but very large, TLT study attempted to optimise the timing of PN observation (Barrie
etal., 2021b). Monitoring more than 54,746 ICSl and 26,302 cIVF embryos, the number of 2PN
zygotes was annotated at 30-min intervals, between 15 and 20 hpi. In both insemination
groups, the interval with the highest proportion (>98%) of visible 2PN zygotes was 16.0-16.5
hpi. At later intervals, this rate progressively decreased, due to early PN breakdown (PNBD) in
some zygotes.

Morphological features relevant to zygote assessment
The Istanbul Consensus (2011) described that the optimal fertilized oocyte is a spherical oocyte

with two polar bodies, and two centrally located, juxtaposed pronuclei that are even sized,
with distinct membranes (Alpha Scientists in Reproductive Medicine and ESHRE Special

Interest Group Embryology, 2011). The pronuclei should have comparable numbers and size

of nucleolar precursor bodies (NPBs) that are ideally clustered at the region of membrane
juxtaposition of the two PN.

The survey results showed that 68% of the respondents always apply the Istanbul Consensus
(2011) recommendation to score the pronuclear stage (Supplementary data SlI, figure 3.B).

The predictive value of pronuclear stage features for embryo quality is discussed below (Table
3).
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Zygote size

Oocyte and zygote size is usually reported as diameter, projected area or volume. Fertilized
oocytes normally undergo progressive and moderate shrinkage during fertilization, also as a
result of PBIl extrusion (Liu et al., 2014). One study investigated this phenomenon, reporting a

lack of association with live birth rate (Barberet et al., 2019). A more recent analysis suggested

a negative correlation between zygote diameter/cytoplasmic volume observed at 17 hpi and
blastocyst quality (Kljajic et al., 2023). Collectively, this evidence is insufficient and inconclusive

on the hypothesis that zygote size can be a predictive parameter for embryo developmental
potential.

Pronuclei

- Position. Using TLT, two studies investigated PN position as a developmental biomarker.
Although rarely observed, off-centre position annotated shortly before PNBD was
associated with abnormal division, namely trichotomous cleavage (Coticchio et al., 2018).

Off-centre position of PNs at the time of juxtaposition (8-9 hpi) was found to be associated
with a two-fold decrease in live birth rate (Barberet et al., 2019), also after multivariate

analysis. Notably, the feature observed in the latter study cannot be detected by single
static observation at 16-17 hpi.

- Juxtaposition. In one TLT report, lack of PN juxtaposition throughout fertilization was
observed in 1-2% of zygotes. In this phenotype, cleavage, morulae and blastocyst formation
rates were negatively affected (Ezoe et al., 2022a).

- Size. PNsincrease in size progressively as soon as they form, reaching their final size shortly
before PNBD (Otsuki et al., 2017, Orevich et al., 2022). TLT investigation confirmed that the
paternal PN is normally larger than its female counterpart (Barberet et al., 2019, Ezoe et

al., 2022b, Orevich et al., 2022). Size difference between the two PN tends to progressively

decrease as fertilization unfolds. If assessed in the 16-18 hpi interval orimmediately before
PNBD, this difference was smaller in zygotes that resulted in live births (Otsuki et al., 2017,

Otsuki et al., 2019). Collectively, these studies suggest that abnormalities in PN position,

juxtaposition and size are very rare and difficult, or impossible, to monitor by static
observation.

Nucleolar precursor bodies:
NPBs are intra-pronuclear aggregates of fibrillar material of largely unknown composition.

Once condensed from amorphous material, they increase in size and finally cluster in the
region of PN juxtaposition. NPB condensation and clustering reflects the distribution of zygotic
chromatin (Cavazza et al., 2021). Chromatin remodelling may be a pre-requisite for optimal

chromosome-spindle microtubules interaction and, ultimately, chromosome congression. TLT
evidence on NPBs is not consistent. Studies focusing on implantation and live birth did not
indicate a predictive value of NPB patterning (Azzarello et al., 2012, Aguilar et al., 2014,
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Barberet et al., 2019), unless NPB speed was assessed with complex computational
methodology (Inoue et al., 2021, Inoue et al., 2023). Another recent investigation (Cavazza et
al., 2021) suggested a positive association between NPB clustering in both PN in the regions of

juxtaposition and higher competence for blastocyst development, confirming previous data
from static observation (Tesarik and Greco, 1999) . Such contradictions are expected. In fact,
NPB clustering is a continuum that follows different kinetics in male and female PN (Mio and
Maeda, 2008, Coticchio et al., 2018) and, once achieved, can even be lost due to active NPB

dispersal in the few hours preceding NPDB (Cavazza et al., 2021). This complicates the use of

NPB patterning as biomarker for embryo quality.

Cytoplasmic halo

The cytoplasmic halo is described as a cortical domain of the zygote denoted by reduced
cytoplasmic granularity. Visible in most zygotes (82-98%), it can be symmetrically or
asymmetrically positioned (Ebner et al., 2003). Usually, the halo forms 2-4 hours after PN

appearance and disappears approximately one hour before PNBD (Coticchio et al., 2018, Ezoe
et al., 2020). Its formation is probably due to centripetal displacement of mitochondria and
other organelles towards the area surrounding the PNs (Squirrell et al., 2003). One TLT study

including 1009 zygotes focused specifically on this feature and found that absence of the halo
was strongly associated with abnormal cleavage and embryo attrition at cleavage and morulae
stages. However, in single vitrified-warmed embryo transfers, halo-positive and halo-negative
blastocysts produced comparable clinical outcomes (Ezoe et al., 2020). In the same study, halo

position (symmetric or asymmetric) was not correlated with laboratory or clinical outcomes.
Another TLT analysis confirmed that live birth rate is unaffected in transfers of halo-negative
embryos (Barberet et al., 2019). This evidence disputes the significance of the halo, especially

if embryo culture is extended to the blastocyst stage.

Nulli- mono- and tripronuclear zygotes

A designation of normal fertilization typically relies on observation of two pronuclei. However,
in the past several years zygotes with other pronuclear patterns, discernible at the time of
static fertilization assessment, have been considered for clinical use: no visible PN (OPN), one
PN (1PN) or three PN (3PN). A fourth rarer profile showing 2PN with one (or more) extra micro-
pronucleus, referred to as 2.1PN, has been also occasionally reported.

- OPN. Overall morphokinetic evidence does not confirm that embryo development can
occurin the absence of formation of at least one PN. Rather, in all likelihood, “OPN zygotes”
progressing to the first mitosis are 2PN, or rarely, 1PN/multi-PN zygotes undergoing PNBD
before static fertilization assessment can detect PN presence (Barrie et al.,, 2021b).

Therefore, it is not surprising that studies on “OPN zygotes” (all based on static fertilization
assessment, here only a few cited) reported rates of development, euploidy, implantation
and live births comparable — or higher — with those of 2PN zygotes (Liu et al., 2016,

Destouni et al., 2018, Hondo et al., 2019, Paz et al., 2020, Fu et al., 2021, Li et al., 2021,
18
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Kemper et al., 2023). In fact, in general, embryos displaying faster morphokinetics as early

as the fertilization stage are also developmentally more competent (Coticchio et al., 2023).

1PN. The Vienna Consensus recommended that 1PN rate should not exceed 3% and 5% in
cIVF and ICSI cycles, respectively (ESHRE Special Interest Group of Embryology and Alpha

Scientists in Reproductive Medicine, 2017). In unselected 1PN-derived ICSI embryos, all

morphokinetic times and developmental rates are significantly affected (Ezoe et al,,
2022b). However, in IVF/ICSI 1PN zygotes showing a relatively larger PN size (defined by
projected area or diameter cut-offs of >710 um? and >31 um, respectively), cleavage and
blastocyst formation rates are comparable with those of 2PN fertilization (Arakiet al., 2018,

Kai et al., 2018). It is plausible that a larger size of the single PN reflects a higher, possibly

diploid, DNA content. Indeed, in approximately 50% of cases of monopronuclear
fertilization following IVF, the presence of both maternal and paternal DNA inside the single
PN was documented (Cohen et al., 1995, Kai et al., 2015). The genesis of biparental diploid

1PN zygotes may differ in cIVF and ICSI fertilization. A recent TLT investigation suggests a
possible modality of formation of biparental 1PN zygotes in clVF: if, at the very beginning
of fertilization, the fertilizing sperm penetrates the oocyte near (within a radius of 18 um)
the presumed position of the maternal chromosomes, as suggested by the PBIl localization,
the paternal and maternal chromatin may be recruited together in the formation of a single
PN (Wei et al., 2022). Consistent with this, several studies reported that 1PN blastocysts
screened by PGT-A were diploid/euploid in significant proportions, in some cases similar to
those of 2PN controls (Bradley et al., 2017, Capalbo et al., 2017, Destouni et al., 2018, Xie
et al., 2018, Zhao et al,, 2022). Documented use of 1PN zygotes for clinical purposes have

been numerous (here only a few are reported). Overall, following blastocyst culture
adopted to select more developmentally competent embryos, rates of implantation,
pregnancy and live birth approached those derived from 2PN zygotes (Itoi et al., 2015,
Hondo et al., 2019, Si et al., 2019, Li et al., 2020, Li et al., 2021, Fu et al., 2022b, Kemper et

al., 2023).

3PN. According to the recommendations of the Vienna Consensus, polypronuclear
(including 3PN) fertilization should be less than 6% (ESHRE Special Interest Group of
Embryology and Alpha Scientists in Reproductive Medicine, 2017). Morphokinetics and

blastocyst development of 3PN zygotes is less affected compared with 1PN fertilization
(Ezoe et al., 2022c). The origin of 3PN zygotes may be digynic or di/polyandric, also

depending on the type of insemination technique. Reports on PGT-A analysis and clinical
use of 3PN zygotes are very rare. In a study based on 30 3PN blastocysts the rate of
diploidy/euploidy was 33% (Mutia et al., 2019). In a case report, an apparently healthy live

birth was achieved from the transfer of one euploid 3PN blastocyst (Yalcinkaya et al., 2016).

A very recent report described a healthy live birth and normal postnatal development up
to four years from the transfer of a 4PN zygote (Bredbacka et al., 2023). However, in
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presumptive 3PN/4PN zygotes the origin of the third/fourth PN —whether true extra PN or
“larger than usual” micropronucleus — remains a matter of ambiguity.

Micropronuclei. At the time of PN assessment, one or more small extra PNs may be rarely
observed. They may originate from assembly of one extra small nuclear compartment
around one or more chromosomes of a diploid zygote (Currie et al., 2022). Specific TLT

investigations are lacking. One study based on static observation and preimplantation
genetic testing for aneuploidy (PGT-A) monitored >3,500 zygotes, among which only less
than 1% (n=27) were 2PN showing one small extra PN (referred to as 2.1PN zygotes)
(Capalbo et al., 2017). Although these zygotes show reduced first cleavage rate (74%), they

can develop into biparental diploid blastocysts and produce apparently normal live births.

Consensus points

Evidence reveals considerable plasticity of human fertilization and provides the basis for
updated recommendations relevant to static fertilization assessment.

Timing of observation: For static observations, assessment of PN number should be carried
out at 16-17 hpi in both cIVF and ICSI cases, to minimise the probability that zygotes
undergoing relatively early PNBD are incorrectly classified as unfertilized oocytes. Check of
syngamy (disappearance of PN) by static observation, mentioned in the Istanbul Consensus
(2011), is not recommended since timing of PNBD cannot be precisely assessed.

Morphological features. Numerous zygotic attributes, including zygote size, PN size, PN
position, and NPB patterning, may be associated with embryo quality and clinical outcome.
However, their use as biomarkers is hindered by at least two factors: i) insufficient evidence
(e.g., PN size), ii) intrinsic morphological mutability during short time periods (NPB
patterning) not amenable to static observation. Lack of PN juxtaposition is very rare, but
strongly associated with poor blastocyst development. The absence of the cytoplasmic halo
affects blastocyst formation, but not implantation rate after blastocyst transfer. Therefore,
the absence of the halo may be used to rank, but not de-select, embryos in Day-3 embryo
transfers.

PN number. By static observation, pronuclei may not be seen at fertilisation check, and yet
embryo development can occur. This may be explained by TLT data, which show that a
significant proportion of 2PN zygotes undergo PNBD at earlier times than the fertilization
check interval recommended by the original Istanbul Consensus (2011). While these
zygotes may be categorized as OPN, if cultured, they may produce normal laboratory and
clinical outcomes. Therefore, the term unfertilized or “OPN” should not be used in these
cases. Instead, “PN not observed” may be a more suitable alternative for zygotes
undergoing normal development without confirmation of fertilization.
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Preliminary PGT-A data suggest that a significant proportion of 1PN and, some 3PN zygotes
may be biparental diploid. In addition, a growing number of studies have reported normal
live births from 1PN zygotes derived from both ICSI and IVF cycles. Collectively, this
evidence supports cautious clinical use of 1PN zygotes, combining blastocyst culture and -
if available- PGT-A technology appropriate for biparental diploidy assessment. The clinical
use of 3PN zygotes is not recommended based on current evidence. 2PN zygotes with one
extra micropronucleus (2.1PN) are relatively rare. However, they also may have a diploid
genotype and lead to apparently normal live births. Their clinical use may be considered,
especially if associated with PGT-A technology. In general, the possible clinical use of 1PN
and 2.1PN zygotes should be discussed with the clinical team and the patient and governed
by an internally approved policy.
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Table 3 Overview of all evidence and recommendations for zygote assessment

Overview of all recommendations on zygote assessment

had a normal chromosomal array

Morphological . Summary of review findings and level of evidence per outcome Considerations :
S Atypical patterns y & P Recommendation
feature
Abnormal cleavage Blastocyst Implantation . .
. Cleavage rate . E s Live birth rate
rate formation rate rate
Association with No clear association . . . . .
N The evidence is insufficient and
lower blastocyst with live birth rate . R .
T L very low @000 inconclusive on the hypothesis
Zygote size Diameter <113 um / / Very low @ OO0 / 1 observational study ~ that zygote size can be harnessed
1 observational (Barberet et al., 2019) as a predictive parameter for
study (Kliajic et al., q
zozsy)( ! embryo developmental potential.
Association with higher
abnormal cleavage rate
Off-centre position ~ Verylow ®OO0O / / / /
1 observational study
(Coticchio et al., 2018)
Association with
lower live birth rate
Very low @OQO0O
Off-centre / / / / 1 observational study
juxtaposition (Barberet etal., 2019) Abnormalities in PN position,
juxtaposition and size are very
rare and difﬁcult, or impossible, to Numerous zygotic attributes =
PN position Association with higher Association with lower Association with No clear association ~ monitor by static observation. zygote size, PN size, PN position,
abnormal cleavage rate cleavage rate lower blastocyst with live birth rate The evidence is insufficient for the NPB patterning— might be
Lack of PN Very low 8OO0 Very low 8OO0 formation rate Very low 8OO0 aoplication of the studied features . . .
. » 1 observational study 1 observational study Very low 8OO0 / 1 observational study pp. associated with embryo quality
Juxtaposition (Ezoe et al., 2022) (Ezoe et al., 2022) 1 observational (Ezoe et al., 2022) as biomarkers. and clinical outcome.
study (Ezoe et al.,
2022 q e q
) e Lack of PN juxtaposition is very
Association with .
lower live birth rate rare, but strongly associated
Interpronuclear Very low @000 with poor blastocyst
Difference in male / / / / 2 observational development.
and female PN areas studies (Otsuki et al.,
2017; Otsuki et al.,
2019)
Association with No clear association No clear association
higher blastocyst with implantation with live birth rate
formation rate rate Very low @OQ0O
Very low 8OO0  Verylow OO 2 observational
NPB patterns (21-24) / / 1 observational 1 observational study  studies (Azzarello et
study (Cavazza et al.,  (Aguilaretal., 2014) al., 2012; Barberet et L .
2021) al,, 2019) The intrinsic morphological
Nucleolar ’ . . .
mutability during short time
precursor . . a
bodies periods (NPB patterning) is not
Association with amenable to static observation
higher live birth rate
Very low @O0
Migration speed / / / / 2 observational
studies (Inoue et al.,
2021; Inoue et al.,
2023)
Association with higher Association with lower Association with No clear association
abnormal cleavage rate cleavage rate lower blastocyst with live birth rate The evidence disputes the The absence of the cytoplasmic
C I . Ab ¢ Very low 8OO0 Very low 8OO0 formation rate Very low 8OO0 ienifi f the hal iall hal b dt k. but
P sence 0. 1 observational study 1 observational study Very low 8OO0 / 2 observational study significance o € halo, especially alo may be used to rank, bu
halo cytoplasmic halo (Ezoe et al., 2020) (Ezoe et al., 2022) b ofbervatioftl (Ezoe et al., 2023; if embryo culture is extended to not de-select, embryos in day 3
study (Ezoe etal., Barberet et al, 2019)  the blastocyst stage. embryo transfers.
2017)
Association with lower No clear association  No clear association No clear association The term “OPN” should not be
cleavage rate with bI'astocyst with implantation live birth rate used, if based on static
Very low @O OO formation rate rate Low @ OO . . “
1 observational study (Fu  Very low @000  Low @®O0 4 observational The assumption that absence of observation. “Not observed
etal., 2022) 1 observational 3 observational studies (Liu et al., PN formation (referred to as OPN)  2PN” or “not reported 2PN”
OPN / study (Fu etal., studies (Liu etal,, 2016; Destouni etal.,  js compatible with embryo may be alternative definitions
gnzel 2016;Lietal, 2020;  2018;Lietal, 2021;  goyelopment is not confirmed by  of normal zygotes undergoing
Fu et al., 2022) Fu et al., 2022) . . .
morphokinetic evidence. early PNBD and, for such a
reason, not detected by static
observation.
Association with higher No clear association with  Association with No clear association No clear association
abnormal cleavage rate cleavage rate lower blastocyst with implantation with live birth rate The evidence suggests a
Very low @OO0O Low @O0 formation rate rate Low OO0 . . . .
1 observational study 2 observational studies Low @O0 Low @O0 6 observational possible cautious CI_m_IcaI use of
(Ezoe et al., 2020) (Capalbo et al., 2017; Fu 3 ob.servati.onal 6 ob.servati‘onal studies (Itoi et al., T Ml er e Erer drm e 1PN zygotes, comblnlng.
1PN etal., 2022) studies (Itoi et al., studies (Itoi et al., 2015; Hondo et al., the single PN reflects a high blastocyst culture and -if
. . . e singie reriects a higher, a
Number of PNs 2o el sial, 205 e E el 2019; Si et al., 2019; il e Lo e available- PGT-A technology
2017; Ezoe et al., 2019; Sietal, 2019;  |jetal., 2020; Li et possibly diploid, DNA content. iate for biarental
2022) Li et al., 2020; Li et al, 2021; Fu et al,, :!Jr:l’(?:rla € torbiparen
. . . . .. iploiay assessment
2'0'222‘))21' Fuetal, 2022) The possible clinical use of 1PN
Association with lower Association with and 2.1PN zygotes should be The clinical use of 2PN zygotes
discussed with the clinical team . .
CENELRRE LTS ) with one small micropronucleus
Very low @000 roTmationiote and regulated by an internally 2.1 PN b ‘dered
1 observational study Very low 8OO0 approved policy (2. ) may be considered,
2.1PN / (Capalbo et al., 2017) 1 observational / / especially if associated with
study (Capalbo et PGT-A technology appropriate
el i) for biparental diploidy
assessment
The clinical use of 3PN zygotes is
3PN / / / / / 10/30 embryos with 3PN zygotes not recommended, while pre-

clinical studies should be
encouraged

Abbreviations: NBP: Nucleolar precursor bodies; PN: pronucleus; ; Table colour code: Green: the embryo can be clinically used; Yellow: the embryo could be used with cautionary considerations. Red: the embryo is considered not suitable for clinical use.
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4. Cleavage stage

Assessment of embryos at predefined times on Days 1, 2 and 3 has shown number of cells,
fragmentation grade, blastomere size and multinucleation to correlate with pregnancy and live
birth outcomes (Lundin and Ahlstrém, 2015).

The survey results indicate that the vast majority of clinics (95%) still perform early-stage
embryo evaluations. However, the traditionally static “snapshot” assessments once or twice
per day implies that no information regarding the development between these time points is
obtained. Therefore, significant events such as abnormal cell divisions may be missed. Also, it
has been shown that the morphology of an embryo may change in a couple of hours, for a
better or a worse score (Montag et al., 2011), one reason being the dynamic occurrence and

reabsorption of fragments during the cleavage process (Hardarson et al., 2001).

This section discusses morphological and morphokinetic attributes assessed at the early
embryo cleavage stages and their potential impact on success rates for an embryo transferred
or cryopreserved on Day 2 or Day 3 post fertilisation. It is important to consider that the same
attributes may not be relevant or may have a different impact if the embryo survives extended
culture and is transferred, fresh or after cryopreservation, at the blastocyst stage.

Timing of cleavage-stage embryo assessment

The Istanbul Consensus (2011) recommended static observation performed at 44 + 1 hpi for
Day-2 embryos and 68+ 1 hpi for Day-3 embryos. The survey results showed that 41% and 63%
of the respondents always assessed embryos on Day 2 or Day 3, respectively, applying these
recommendations (Supplementary data Sll, figure 3.A).

Assessment by TLT permits more detailed analysis of the traditional morphological parameters
over time, as well as the incidence of abnormal cleavages. Several early, retrospective, TLT
studies found that morphokinetic variables such as the timing of the first cell division, as well
as the lengths of cell cycles, correlated with further embryonic development and subsequent
pregnancy outcomes (Meseguer et al., 2011, Dal Canto et al., 2012b, Herrero et al., 2013).

However, recent RCTs and meta-analyses have not found improvement in live birth rates
following embryo selection using TLT algorithms (Armstrong et al., 2019, Ahlstrém et al., 2022,
Kieslinger et al., 2023).

More recent TLT studies have shown timings with slight deviations from those reported in the
Istanbul Consensus (2011), the differences becoming more pronounced and varied from the
4-cell stage onwards (Table 1).

Timing of first cleavage
The single most important indicator of embryo viability is cellular division. The occurrence of
early cleavage, i.e. the first cell division occurring before 25-27 hpi, has been shown to
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correlate positively with embryo quality on Day 2 and Day 3, blastocyst formation rate (Herrero
et al., 2013, de los Santos et al., 2014, Milewski et al., 2015), and implantation and live birth
rates after transfer on Day 2 or 3 (Lundin et al., 2001, Salumets et al., 2003). This is also more
recently supported by TLT studies (Coticchio et al., 2018, Sayed et al., 2020). In addition, TLT
has shown that the time from disappearance of pronuclei or pronuclei fading (PNf) to the start

of the first cytokinesis was significantly related to ploidy (Vera-Rodriguez et al., 2015). A

retrospective analysis of Day-2 single embryo transfers of ICSI embryos (n=207), including both
traditional morphology variables as well as morphokinetic variables and patient characteristics,
showed early cleavage, measured as more than one cell at 25-27 hpi, to be a significant
predictor of live birth (OR 4.84, Cl 2.14-10.96, P = 0.0002) (Ahlstrom et al., 2016). In addition,
it was found that each increase in grade of fragmentation (to 5-10%, 11-20%, 21-50%, 51—
100%) significantly decreased the probability for live birth (OR 0.46, Cl 0.25—-0.84, P = 0.012).

The same study also found that, for Day-2 transfers, early cleavage and fragmentation grade
were better predictors of live birth outcome when compared with morphokinetic variables,
and that no morphokinetic variables up to Day 2 improved prediction of live birth further
(Ahlstrom et al., 2016). However, other studies have not found any correlation between early

cleavage and implantation or live birth (Thurin et al., 2005, Sundstrom and Saldeen, 2008, de

los Santos et al., 2014, Yang et al., 2015), and the data on potential importance of scoring early

cleavage are currently inconclusive.

Still, the assessment of early cleavage in a TLT system can be used to select against abnormal
early cleavages such as direct cleavage, reverse cleavage, and irregular chaotic division, which
have been shown to be associated with lower blastocyst formation rate, implantation and live
birth rate (Meseguer et al., 2011, Petersen et al., 2016, Zhan et al., 2016, Liu et al., 2020) as
well as with aneuploidy (Arroyo et al.,, 2015, Yan et al., 2015, Desai et al., 2018) and
multinucleation (Zhan et al., 2016). In a study by Barrie et al, the prevalence of these abnormal

cleavages was found to be 11.4% per cleaved embryo (Barrie et al., 2017b).

At present, the use of early cleavage/early syngamy in scoring regimens varies greatly between
laboratories. An important aspect to consider is the difference between zygotes originating
from ICSI and clVF, as discussed in section 1 (Expected timeline of embryo development and
morphology) and section 3 (Zygote stage assessment) of this paper.

Number of cells on Day 2 and Day 3
The number of blastomeres at a specific time signifies the developmental rate of the embryo
and is considered the most important parameter for embryo scoring (Machtinger and

Racowsky, 2013, Yu et al., 2018). Many earlier studies already showed the number of cells at

Day 2 or Day 3 to be highly predictive of laboratory and clinical outcomes (Giorgetti et al., 1995,
Alikani et al., 2000, Holte et al., 2007, Racowsky et al., 2011).
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The Istanbul Consensus (2011) defined an optimal Day-2 embryo (44+1 hpi) as an embryo with
4 equally sized mononucleated blastomeres in a three-dimensional tetrahedral arrangement,
with <10% fragmentation, and a Day-3 embryo (68+1 hpi) with 8 equally sized mononucleated
blastomeres in a three-dimensional tetrahedral arrangement, with <10% fragmentation (Alpha
Scientists in Reproductive Medicine and ESHRE Special Interest Group Embryology, 2011). The

survey results showed that 68% of the respondents apply these Istanbul Consensus (2011)
recommendations to score Day-2 and Day-3 embryos (Supplementary data Sll, figure 3.B).

|II

There seems to exist an “optimal” development speed and many publications throughout the
years have reported that too fast or too slow embryo cleavage rate has a negative impact on
embryo development (Edwards et al., 1980, Kroener et al., 2015, Shebl et al.,, 2021). For

example, it has been shown that fast growing embryos on day 3 (>8 cells) have a higher rate of

aneuploidy and an increased incidence of abnormal cleavage patterns and are less likely to
make blastocysts than 8-cell embryos (Kroener et al., 2015, Kong et al., 2016, Pons et al.,

2019). However, once fast-growing embryos reach the blastocyst stage, their developmental
potential is similar to or better than 8-cell embryos (see also Chapter 6 — Blastocyst stage). In
contrast, concerning slow-developing embryos (<4 cells on day 2, <8 cells on day 3), there is
clear evidence that these always perform worse and should only be used for transfer if better
embryos are not available. These observations have been confirmed by embryo assessment
using TLT (Meseguer et al., 2011, Montag et al., 2011, Herrero et al., 2013, Milewski et al.,

2015).

Several studies using static observation have found speed of development to be predictive of
live birth. In a prospective cohort study including 6252 Day-2 single embryo transfers, number
of cells, number of mononucleated cells per embryo and fragmentation rate were found to be
significant predictors of live birth, with 4 cells and low (<10%) fragmentation having the highest
LBR (Rhenman et al., 2015). In the most recent analysis of SART data including 28 878 fresh
Day-3 embryo transfers, it was shown that for women at 34 years of age, the highest LBRs were
found after transfer of 8-cell embryos (24%), followed by >8 cell (23%), 7 cell (17%), 6 cell (8%),
5 cell (5%), and 4 cell (1%) embryos (Awadalla et al., 2022a). The 8-cell embryos with low
degree of fragmentation (<10%) showed higher LBR compared to embryos with more than 10%

fragmentation.

In addition, when looking at available evidence it should be taken into account that cell
numbers on a specific day may be impacted by culture conditions and timing of assessments.
It may also be challenging at times to distinguish between a cell and a large fragment.
Obviously, assessment of Day-2 and Day-3 embryos by TLT permits more exact assessment
timings, as well as detailed analysis of the developmental parameters over time, and the
incidence of abnormal cleavages. For example, it is possible that some embryos with >8 cells
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on day 3 are generated from trichotomous cleavages. This abnormal division can affect
viability, but it is only detectable by TLT.

Fragmentation
A fragment can be defined as a membrane-bound extracellular cytoplasmic mass, often not

including chromosomes. Fragments can vary in size and in distribution with different
implications for the embryo (Alikani et al., 1999, Cecchele et al., 2022). The degree of

fragmentation is difficult to evaluate, as it is first necessary to differentiate fragments from
cells, and then estimate the relative proportion of the embryo that is fragmented. One study
found that a majority of blastomeres of <45 um diameter in a Day-2 embryo and <40 um
diameter in a Day-3 embryo did not contain nuclei (Johansson et al., 2003). The impact of <10%

fragmentation in Day-3 embryos on implantation rate has been found to be negligible (Alikani
etal., 1999, Ebneretal, 2001, Van Royen et al., 2001, Holte et al., 2007, Racowsky et al., 2011),
while, as discussed above, both earlier and several more recent and large studies, including

TLT studies, have shown negative correlation with increasing fragmentation on live birth rates
after early transfer (Rhenman et al., 2015, Ahlstrom et al., 2016, Awadalla et al., 2022b).
Interestingly, a study by Ahlstrom et al., indicated that for Day-2 and Day-3 embryos, Al score

correlated significantly with cell number and fragmentation score (Ahlstrom et al., 2023).

In addition, correlation has been shown between the degree of fragmentation and the
incidence of aneuploidy (Munné et al., 1995, Ziebe et al., 2003, Chavez et al., 2012).

Uneven cleavage and cell size
Uneven cellular cleavage, leading to unequal relative cell size, is commonly found in human
embryos in vitro (Puissant et al., 1987). Unequal cell size has been defined as a 25% difference

between the average diameter of the smallest cells compared to the average of the largest
cells (Meseguer et al., 2011, Ziebe, 2013). Uneven cellular cleavage and its negative impact on

pregnancy outcome for early transfer has been confirmed by several studies (Giorgetti et al.,
1995, Ziebe et al., 1997, Hardarson et al., 2001, Racowsky et al., 2011), although some data
are conflicting (Holte et al., 2007).

Interestingly, late-cleaving embryos have been reported to cleave more unevenly which in turn
has been strongly correlated with an increased incidence of chromosomal errors (Hardarson
et al., 2001, Shenoy et al,, 2021), possibly due to uneven distribution of proteins, mRNA and
mitochondria (Antczak and Van Blerkom, 1999).

It is important to consider that the relative cell sizes must be “cell stage appropriate”, i.e,,
assessed in relation to the number of cycles that cells have gone through. This means that the
sister blastomeres representing the same cell cycle should be equally sized, i.e., only at the
2-, 4- and 8-cell stage should all the cells be of the same size.
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Multinucleation

Multinucleation has been correlated with a higher degree of fragmentation and decreased
number of blastomeres on Days 2 and 3 (Van Royen et al., 2003), as well as with uneven cell
size (Kligman et al., 1996, Hardarson et al., 2001, Sayed et al.,, 2022). The presence of
multinucleation is generally considered abnormal, however the reported incidence varies

greatly. The term “multinucleation” can include different types of nucleation in one or more
cells, including multiple (equally sized) nuclei, two nuclei (binucleation) and/or smaller size or
micro nuclei (micronucleation). Most studies have not differentiated clearly between the
different types, or in how many of the cells the condition is present, which may be a reason for
some conflicting reports. For example, one study reported that 43% of patients had one or
more embryo with multinucleation at the 2-cell stage, defined as =2 nuclei, which was reduced
to 15% at the 4-cell stage (Balakier and Cadesky, 1997). Two other studies reported its
occurrence in up to 87% of cycles, with 31-33% of the embryos affected at transfer (Jackson
et al., 1998, Van Royen et al., 2003). Significantly slower development rate as well as lower

implantation and live birth rates after early embryo transfer have been shown for
multinucleated compared to mononucleated embryos (Ergin et al., 2014, Desch et al., 2017).

One recent TLT study, however, found that embryos that were binucleated at the 2-cell stage
showed improved blastocyst formation rates and implantation rates, both compared to “true”
multinucleated embryos (23) and non-multinucleated embryos (Talbot et al., 2022). This shows

the importance of distinguishing between the different types of nucleation during embryo
assessment. Nucleation has shown to be a dynamic process, and in all studies the rate of
multinucleation seen at the 2-cell stage was significantly reduced at the 4-cell stage (Aguilar et
al., 2016). It could also be that many of these embryos were binucleated but not “true”
multinucleated (>3 nuclei) on Day 2, and should not be considered compromised, as discussed
in the study by Talbot et al. (2022).

Evidence collected via TLT, where the cells can be scored in much more detail, has shown an
incidence of 29-43% in multinucleation in early (2-cell stage) embryos with a significant impact
on implantation and live birth (Balakier et al., 2016, Goodman et al., 2016, Sayed et al., 2022).
One study found an incidence of 6% multinucleated embryos with static scoring, compared to
23% using TLT (Ergin et al., 2014). Another study similarly found 7% and 35% using the two
methods (Goodman et al., 2016).

In a further TLT study, it was shown that embryos with direct uneven cleavage or irregular
chaoticdivisions showed a lower developmental potential. However, for those that did develop
to the blastocyst stage, the presence of a single abnormality (multinucleation, reverse
cleavage, irregular chaotic division, or direct uneven cleavage) at an early cell stage was not
associated with aneuploidy when analysed at the blastocyst stage (Desai et al., 2018).
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Other morphological features of Day-2 and Day-3 embryos

There is no conclusive evidence that embryos with apparent spatial disorganisation, i.e., those
that do not have the expected three-dimensional arrangement of blastomeres, should be
considered abnormal (Ebner et al., 2012, Cauffman et al., 2014, Ebner et al., 2017, Desai and

Gill, 2019).

Other morphological features, such as cytoplasmic granularity, membrane appearance and the
presence of vacuoles can also be scored as part of the morphological assessment of Day-2 and
Day-3 embryos (The Atlas of human embryology: from oocytes to preimplantation embryos,
2012). It is important to understand that these features can vary within and between cohorts.

Initiation of compaction

Compaction usually starts at the 8- to 16-cell stage. To be more precise, compaction spans the
phase between the point in time when any two blastomeres of the multicellular embryo start
to compact and the moment prior to the onset of blastocoel formation (Ciray et al., 2014). One
study showed that almost 90% of embryos started compaction at the 8-cell stage or later (Iwata
et al., 2014). Fifty percent of these developed into good quality blastocysts, while for embryos
that initiated compaction before the 8-cell stage, less than 20% became good quality
blastocysts. Several other studies showed that beginning compaction on Day 3 can be a positive
feature (Alikani et al., 2000, Skiadas et al., 2006, Le Cruguel et al., 2013, Aslan Oztiirk et al.,
2022). It is noteworthy that compaction on Day 2 is atypical and of unknown biological
significance.

Consensus points

e (leavage-stage embryo scoring should include cell number, grade and reason for the grade
(e.g., 4-cell, grade 2, fragmentation) as previously agreed in the Istanbul Consensus (2011).

e Two-cell embryos on Day 1, 4-cell embryos on Day 2 and 8-cell embryos on Day 3, showing
<10% fragmentation, mononucleation, and stage-specific cell size, should be prioritized in
case of cleavage stage transfer or cryopreservation.

e Thereis no significant body of evidence to support an impact on implantation potential for
cleavage stage embryos with atypical features such as spatial disorganisation, vacuoles,
cytoplasmic granularity, and zona abnormality, and these are therefore considered suitable
for clinical use. However, extended culture of such embryos as a way of further selection
for viability and evaluation should be considered.

e Farly cleavage: The importance of scoring early cleavage for prediction of success rates has
not been conclusively established. However, it may add information regarding other
features such as binucleation/multinucleation and cell size. Assessment of early cleavage
by TLT can be used to identify abnormal early cleavages such as direct cleavage, reverse
cleavage, and irregular chaotic division.
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e Fragmentation: The relative degree of fragmentation was defined as: No or minimal (<10%),
mild (<25%) or severe (>25%). The percent values are based on the cell equivalents, so for
a 4-cell embryo, 25% fragmentation would equate to one blastomere in volume.

e Numbers of blastomeres on Day 2/3: The current expected observation for embryo
development is 4 cells on Day 2 and 8 cells on Day 3. However, this can be influenced by
the exact time of observation and culture conditions. It is recommended that the time of
assessment is documented.

e Cell size: For embryos at the 2-, 4- and 8-cell stages, blastomeres should be evenly sized.
For all other cell stages, one would expect a cell stage appropriate size difference as the
cleavage phase has not been completed.

e Multinucleation: True multinucleation (=3 nuclei in one or several cells) is associated with
decreased implantation potential, and with increased chromosome abnormality.
Binucleation on Day 2, at the 4-cell stage, may not be necessarily a negative sign, but more
evidence is needed. Laboratories should record the incidence and discriminate between
binucleation, multinucleation and micronucleation in each embryo, and ideally, the
nucleation status of each blastomere in each embryo. If available, multinucleation should
be scored using TLT.

e Time-lapse technology: Large datasets including timing
of certain developmental events have been analysed to design algorithmsto predict
implantation and live birth. However, there is currently limited good quality evidence of
better clinical outcomes following TLT embryo selection (Armstrong et al., 2019, Kieslinger
et al., 2023). TLT allow assessment of kinetic variables such as rapid cleavage, direct
cleavage, and reverse cleavage. These data have been used for deselection of embryos and

it has been demonstrated that certain atypical cleavage patterns such as direct cleavage to
three cells negatively affect embryo development. These events would in most cases be
missed using traditional culture without TLT.

e Compaction: Based on a few studies, the start of compaction before 8 cells seems to
negatively affect blastocyst formation, while compaction from 8 cells and onwards may be
a positive indicator and could potentially be used as an additional selection tool at this
stage.

Ranking cleavage-stage embryo

Different morphological features can reflect the overall quality of Day-2 and Day-3 embryos
and the combination of those morphological features can be used to define a ranking order for
transfer or cryopreservation of Day-2 and Day-3 embryos. A proposed ranking scheme for Day-
2 and Day-3 embryos is presented in Table 4.
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817 Table 4 Ranking Scheme for Day-2 and Day-3 embryo transfer

Number of cells 4 cells on Day-2 >4 cells on Day-2 < 4 cells on
or or Day-2
8 cells on Day-3 >8 cells on Day-3 or
< 8 cells on
Day-3
Early cleavage Early cleavage No early cleavage
Cell size Cell stage specific Not cell stage specific
Fragmentation None or minimal  10-25% >25%
fragmentation (<10%) fragmentation fragmentation
Multinucleation No multinucleation at any No multinucleation at  Multinucleated
cell stage 4 cell stage at 4-cell stage
Abnormal cleavage - - Direct cleavage
DC2 (2- to 5-
cell)
Compaction Compaction from 2>8-cell No compaction Compaction
stage before  8-cell
stage
Recommendation Avoid transfer of Day 2/3 embryos with abnormal cleavage: direct

cleavage DC1 (1-to 3- cell), irregular chaotic division or reverse cleavage.
Extend culture of embryos with abnormal cleavage to blastocyst stage.
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Table 5 Overview of all evidence and recommendations for cleavage stage embryo assessment

Overview of all recommendations on cleavage stage assessment

Morphological feature

Atypical pattern

Summary of review findings

Considerations

Recommendation

First cleavage

Early cleavage (first
division before 25-27
hours)

Abnormal early cleavage
(direct cleavage, reverse
cleavage, irregular
chaotic division)

Embryo quality and

development potential
Association with higher embryo
quality and blastocysts
formation rate
Very low @OO0O
3 observational studies (Herrero
etal., 2013; de los Santos et al.,
2014; Milewski et al., 2015)

Ploidy

Association with higher
aneuploidy rate

Very low 8OO0

1 observational study
(Vera-Rodriguez et al.,
2015)

Association with higher
aneuploidy rate

Low @O0

(Yan et al., 2015; Desai et
al., 2018; Arroyo et al.,
2015)

Implantation rate

Contradictory results:

No association with
implantation rate

Low @8O0

5 observational studies (Lundin
et al., 2001; Salumets et al.,
2003; Coticchio et al., 2018;
Sayed et al., 2020, Ahlstrém et
al., 2016)

Association with higher
implantation rates

Low 8OO

1 RCT and 3 observational
studies (De los Santos et al.,
2014; Thurin et al. 2005;
Sundstrom and Saldeen, 2008;
Yang et al., 2015)

Association with lower
implantation rate

Low 8OO

(Meseguer et al., 2011; Petersen
etal., 2016; Zhan et al., 2016; Liu
etal., 2020)

Live birth rate

Contradictory results:

No association with live birth
rate

Low ®®OO

1 RCT and 3 observational
studies (De los Santos et al.,
2014; Thurin et al. 2005;
Sundstrom and Saldeen, 2008;
Yang et al., 2015)

Association with higher live
birth rates

Low 8OO

5 observational studies
(Lundin et al., 2001; Salumets
et al., 2003; Coticchio et al.,
2018; Sayed et al., 2020,
Ahlstrém et al., 2016)

Assessment of early cleavage
embryos may add
information regarding other
features such as
binucleation/multinucleation
and cell size.

An important aspect to
consider is the difference
between zygotes originating
from ICSI or cIVF.

The importance of
scoring early cleavage
for prediction of
success rates has not
been conclusively
established.

Assessment of early
cleavage by TLT can be
used to select against
abnormal cleavage
patterns such as direct
cleavage, reverse
cleavage, and irregular
chaotic division.

Cell numbers

Cell number on Day 2/3

Association with embryo scoring
Very low @O OO

3 observational studies (Alikani
et al., 2003; Machtinger and
Racowsky, 2013; Yu et al., 2018)

Correlation with
chromosomal status
Low 8OO

3 observational studies
(Almeida and Bolton,
1996; Magli et al., 2007;
Kroener et al., 2015)

Correlation with implantation
rates

Low 8OO

4 observational studies (Giorgetti
et al., 1995; Alikani et al., 2000;
Van Royen et al., 2001; Renman
etal., 2015)

Correlation with live birth
rates

Low 8OO

5 observational studies
(Giorgetti et al., 1995;
Rhenman et al., 2015,
Awadalla et al., 2022;
Racowsky et al., 2011, Tian et
al., 2022)

The current expected
observation for
embryo development
is 4 cells on Day 2 and
8 cells on Day 3.

Association with lower embryo
quality and development
potential

Very low 8OO0

Association with lower
euploidy rate

Very low 8OO0

Association with lower
implantation rate

Very low 8OO0

Association with lower live
birth rates
Low 8OO

The percent values are based
on the cell equivalents, so
for a 4-cell embryo, 25%

The relative degrees of
fragmentation were
defined as: No or

in relation to the number of
cycles that they have gone
through

Fragmentation Degree of fragmentation 5 observational studies 4 observational studies (Alikani 3 observational studies
2 observational studies (Alikani (Munné et al., 1995; Ziebe  etal., 1999; Ebner et al., 2001; (Rhenman et al., 2015; fragmentation would equate  minimal (<10%), mild
et al., 2000; Ebner et al., 2001) etal., 2003; Chavez et al., Racowsky et al., 2011; Van Royen  Ahlstrom et al., 2016; to one blastomere in (525%) or severe
2012) 2001) Awadalla et al., 2022) volume. (>25%) .
Correlation with Association with lower For embryos at the 2-,
chromosomal errors implantation rate
. . . 4- and 8-cell stages
Low @O0 Very low 8O 00O It is important to consider b " - Id’ "
2 observational studies 1 observational study (Mugica et that the relative cell sizes aStom_eres shou e
(Hardarson et al., 2001; al., 2008) “ evenly sized. For all
must be “cell stage
. Shenoy etal., 2021) . other cell stages, one
Cell size Uneven cellular cleavage / / appropriate”, i.e., assessed

would expect a cell
stage appropriate size
difference as the
cleavage phase has not
been completed.

Multinucleation

Multiple nuclei

binucleation and/ or

Negative correlation with time
of development

Low OO

5 observational studies (Ergin et
al., 2014; Desch et al., 2017;
Goodman et al., 2016; Balakier et
al., 2016; Sayed et al., 2022)

Association with higher
blastocyst formation rate

Very low @OO0O

1 observational study (Talbot et
al., 2022)

No association with
aneuploidy rates
Very low 8OO0
(Desai et al., 2018)

Association with lower
implantation rate

Low 8OO

5 observational studies (Ergin et
al., 2014; Desch et al., 2017;
Goodman et al., 2016; Sayed et
al., 2022)

Association with higher
implantation rate

Very low @OO0O

1 observational study (Talbot et
al., 2022; Aguilar et al., 2016)

Association with lower live
births rate

Low 8OO

5 observational studies (Ergin
etal., 2014; Desch et al.,
2017; Goodman et al., 2016;
Sayed et al., 2022)

Multinucleation assessment
on Day 3 would be
complicated by the much
smaller cell size, and
therefore would be less
reliable. If available,
multinucleation should be
scored using TLT.

Laboratories should record
the incidence and
discriminate between
binucleation,

True multinucleation
(23 nuclei in one or
several cells) is
associated with a
decreased
implantation
potential, and with an
increased level of
chromosome
abnormality.

Binucleation on Day 2,
at the 4-cell stage,
may not be necessarily

vacuoles

Table colour code: Green: the embryo can be clinically used; Yellow: the embryo could be used with cautionary considerations. Red: the embryo is not considered suitable for clinical use.

. . / / multinucleation and L.
Micronucleation ) .. a negative sign, but
micronucleation in each . .
. more evidence is
embryo, and ideally, the
. needed.
nucleation status of each
blastomere in each embryo.
No clear association with Embryos with
:Elmbrlvo dg’g"gg"t apparent spatial
. . . . ery low . .
Spatial disorganization e e Sl e o / / / disorganisation should
al., 2012; Ebner et al., 2017) not be considered
abnormal.
Negative correlation with Day 3 M hi ired There is no significant
: ore research is required to .
devel°p'_"em (atypical early . . L. body of evidence to
other morohological compaction) identify which, if any, of tacl
support a clear
PROE Low @000 these features are correlated .pp .
features 3 observational studies (Skiadas . s biological effect of
i . with (or indicative of) .
cytoplasmic granularity, etal., 2006; Le Cruguel etal., . . ) cytoplasmic
2013; Osturk et al., 2022) implantation potential .
membrane appearance, / / / granularity, membrane

appearance and the
presence of vacuoles,
these features on
implantation
potential.
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5. Morula stage
As indicated in the guidelines on the nomenclature and annotation of dynamic human embryo
monitoring (Ciray et al., 2014), the term morula refers to the “end of the compaction process”.

Timing of morulae assessment and scoring
Accordingly, a morula would be the expected developmental stage if embryo scoring is done

on day 4 at 92 + 2 hpi as recommended by the Istanbul Consensus (2011) (Alpha Scientists in

Reproductive Medicine and ESHRE Special Interest Group Embryology, 2011).

The survey results showed that 24% of the respondents always apply the Istanbul Consensus
(2011) recommendations related to the timing of assessment of Day-4 embryos
(Supplementary data SlI- figure 3.A).

However, TLT data have shown that there are considerable deviations in cleavage timings
among a group of embryos of the same patient. At the extreme, a one-day delay or speed-up
can be observed (Shebl et al., 2021), neither scenario being necessarily associated with a worse

treatment outcome.

Morphological features to consider for morulae assessment
Due to this variation in developmental speed and cellular complexity, there is a lack of well-
defined morphological markers of viability for this stage (Coticchio et al., 2019).

The survey results showed that 28% of the respondents always apply the Istanbul Consensus
(2011) scoring criteria to score Day-4 embryos (Supplementary data SlI, figure 3.B).

Timing of cavitation
Early cavitation of morulae is a good prognostic parameter related to better quality blastocysts

with a higher potential to implant and higher ongoing pregnancy rates possibly due to a higher
rate of euploidy (Hung et al., 2018). On the other hand, a delay in compaction and onset of

cavitation was found to be associated with reduced blastocyst quality (Ivec et al., 2011, Desai
et al., 2014) and reduced likelihood of live birth (Fishel et al., 2018).

Number of cells

Quality assessment at 92 + 2 hpi usually takes both cell number and degree of compaction into
consideration (Alikani et al., 2000, Tao et al., 2002, Feil et al., 2008, Ebner et al., 2009, Fabozzi
et al,, 2016). It has been found that the more cells and in particular the more compacting cells
a Day-4 embryo shows the better its chance to form a blastocyst on Day 5 (Ebner et al., 2009,
lwata et al., 2014).

Since accurate evaluation of cell number is impossible once the majority of blastomeres is
involved in the compacting mass, focus is placed on the proportion of cells involved in
compaction. In principle, partly (PCM) and fully (FCM) compacted morulae can be
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distinguished. The former group is characterized by a certain loss of embryonic mass either
due to extensive cytoplasmic fragmentation or blastomere elimination. If the observed loss is
substantial further development to blastocyst (Alikani et al., 2000, Ebner et al., 2009, Lagalla
et al., 2017, Coticchio et al., 2021b) and formation of good quality blastocysts (Ebner et al.,
2009, Coticchio et al., 2021b) will be affected, both of which could be associated with a lower
live birth rate (Coticchio et al., 2021b).

Other morphological features
Beyond the degree of compaction, some studies also considered detrimental morphological

features such as: excessive fragmentation, multiple excluded cells, “self-cavitation” of
blastomeres and vacuolisation for morphological assessment of Day-4 embryos (Alikani et al.,
2000, Feil et al.,, 2008, Ivec et al.,, 2011, Fabozzi et al.,, 2016). Of note, the first three
abnormalities would reflect PCM, which implies that vacuolisation is the only abnormality that

could be taken into consideration for quality assessment purposes. Indeed, spontaneous
vacuole formation around the time of compaction was found to be a negative predictor of
blastulation and top-quality blastocyst formation rates (Mayer et al., 2018, Chen et al., 2019),
ongoing pregnancy rate (Feil et al., 2008, Mayer et al., 2018) and live birth rate (Mayer et al.,

2018).

Recent TLT studies further shed some light on the phenomenon of blastomere loss around the
morulae stage (Lagalla et al., 2020, Coticchio et al., 2021b). Two types of cleavage dynamics

were identified, both of which were responsible for the elimination of blastomeres but differed
in timing. One was the exclusion of blastomeres from the outset and the other was
characterized by the extrusion of cells after full compaction had already occurred. The
occurrence of the two phenomena together had the worst prognosis for live birth (Coticchio
etal., 2021b, Hur et al., 2023).

Blastomere exclusion/extrusion at morulae stage is likely to be associated with abnormalities
in the eliminated cells. It has been shown that excluded cells show E-cadherin (a key cell
adhesion protein) expression profiles that are different from the expected membrane-localised
pattern (Alikani, 2005). The degree to which blastomere loss reflects perturbations in key
events in compaction and cell polarization of the morula (e.g., apical F-actin and PAR complex
accumulation) remains speculative (Zhu et al., 2021). In relation to partial compaction, other

studies reported “abnormal divisional behaviour” such as karyokinesis without cytokinesis or
signs of degeneration (Zhan et al., 2016). The appearance of apoptotic nuclei following

compaction further suggests that programmed cell death may play a role in eliminating
affected blastomeres (Chatzimeletiou et al., 2005).

A more detailed annotation of the TLT sequences revealed that in comparison to FCM all
patterns of PCM not only show a higher rate of irregular and asymmetric cleavage (Coticchio
etal,, 2021b) but also an evident delay in development starting with pronuclear fading (Lagalla
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et al., 2020, Coticchio et al., 2021b, Hur et al., 2023). In particular, highly dynamic biological
processes such as compaction and blastulation were deferred (Lagalla et al., 2020, Coticchio
etal., 2021b, Ezoe et al., 2023).

A hierarchical classification model has found morulae formation (tM) within an optimal range
(81.3-96.0 hpi) to be one of the strongest predictors of blastocyst formation (Motato et al.,
2016). Similarly, a multivariate analysis has shown that tM was the only morphokinetic
parameter that correlated with live birth rate after euploid blastocyst transfer (Rienzi et al.,
2019).

While some studies showed no correlation between tM or starting blastulation (tSB) and
aneuploidy (Minasi et al., 2016) others found a delayed initiation of compaction (tSC) in

complex aneuploid embryos (Campbell et al., 2013).

There is evidence that PCM following irregular cleavages can develop into euploid blastocysts
(Zhan et al., 2016, Lagalla et al., 2017). Those cells excluded from the morulae were shown to

have a high rate of aneuploidy and degraded DNA (Lagalla et al., 2017). This, together with

reduced aneuploidy rate in biopsied TE cells of the associated blastocyst, suggests that a self-
check mechanism may reduce the relative abundance of aneuploid cells.

On the other hand, a recent study showed a high ploidy correlation between excluded cells
and TE cells, suggesting that cell exclusion might be a consequence of compromised embryo
development regardless the chromosomal constitution of excluded cells (Parriego et al., 2023).

Consensus points
e Day-4 embryos showing full compaction or early cavitation should be prioritized in case of
Day-4 transfer or vitrification.

e Embryos with partial compaction can form blastocysts and should be considered for clinical
use. Extended culture of these embryos for further evaluation should be considered.
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Table 6 Ranking for embryos selection of morulae with similar hpi

Feature Top Intermediate ranking Low ranking
ranking

(Early) cavitation  Yes No No

Compaction FCM PCM No compaction

Compacting embryo with >8 cells
PCM with significant cytoplasmic
loss
Morphology No No to minor vacuolisation Heavy vacuolisation
vacuoles
Recommendation Extend culture to blastocyst for embryos with atypical morphological features:
self-cavitation of blastomeres, <50% compacted embryo, <8 cells without
compaction, excessive fragmentation, widespread vacuoles.
FCM: Fully compacted morulae; PCM: partially compacted morulae.
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Table 7 Overview of all evidence and recommendations for Day-4 embryos assessment

Overview of all recommendations on morulae assessment

Summary of review findings

Considerations

Recommendation

Atypical patterns
Feature P P

Embryo quality and
development potential

Ploidy

Implantation rate

Live birth rate

Early cavitation

Timing of cavitation

Delay in compaction

Association with lower blastocyst
quality

Verylow @ OO0

2 observational studies (Desai et
al., 2014; Ivec et al., 2011)

Association with higher
euploidy rate

Very low @ OO0

1 observational study (Huang et
al., 2018)

Contradictory results:

No clear association with
aneuploidy rate

Very low @ OO0

1 observational study (Minasi et
al., 2016)

Association with higher
euploidy rate

Verylow @ OO0

1 observational study (Campbell
etal., 2013)

Association with higher
implantation rate

Very low @ OO0
(Hung et al., 2018; Rienzi et
al., 2019)

No clear association with
implantation rate

Very low @ OO0

2 observational studies
(Montjean et al., 2021)

Association with higher
ongoing pregnancy rate
Very low @ OO0
(Hung et al., 2018;
Rienzi et al., 2019)

No clear association
with live birth rate

Very low @ OO0

2 observational studies
(Montjean et al., 2021;)

Similar clinical
pregnancy and live
birth rates were
achieved when
transferring morulae
on Day 5 rather than
waiting for Day-6
blastocyst formation

More compacting cells on

Correlation with blastocyst
formation rate

Very low 8OO0

(Ebner et al., 2009; lwata et al.,
2014)

Accurate evaluation
of cell number is
impossible once the
majority of
blastomeres is
involved in the

Day-4 embryos showing full
compaction or early cavitation
should be prioritized in case of
Day-4 transfer or
cryopreservation.

exclusion/extrusion

associated with
abnormalities in the
eliminated cells.

Number of cells / / / .
day 4 compacting mass,
and the focus is
placed on the
proportion of cells
involved in
compaction.
| d Association with lower blastocyst Association with lower Highly dynamic Embryos with partial
Partly compacte ; ive bi ) ) )
form.atlon rate and blastocyst live birth rate blologlcal processes compaction can form
embryos quality teman @O0 h tion blastocysts and should b
' (Excessive fragmentation, Lo 0900 (Coticchio et al,, 2021) such as comp.ac ion as .ocys s an s. c::u e
Degree of compaction L e e (Alikani et al., 2000; Ebner et al., / / and blastulation considered for clinical use.
u xclu .
" If tati i 2009; Lagalla et al., 2017; were deferred in Extended culture of these
cells, self-cavitation o icchi - Parri .
! Coticchio et al., 20057, Tyiee Oy partly compacted embryos for further evaluation
blastomeres) al.,, 2023) '
embryos should be considered.
Association with lower blastocyst Association with lower No correlation has
form.atlon rate and blastocyst ongo'mg p'regnancy rate been found between  Spontaneous vacuole
quality and live birth rate th f . i d i
o vacuole formation around  Verylow @000 Very low 8000 e occurrence o. ‘ormation aroun comp?c ion
Vacuolisation . (Mayer et al., 2018; Chen et al., / / (Feil et al., 2008; Mayer ~ Vacuoles and patient was found to be a negative
compaction ) )
2019) etal., 2018) parameters like age predictor for embryo
or baseline development
hormonal profile
Association with higher
Compaction of vacuolized mosaicism rate
blastomeres Very low @000
(Chen et al., 2019)
Association with lower Blastomere
R exclusion/extrusion .
Very low 8OO0 N lae st ) Normally cleaving embryos
- i at morulae stage is . .
. Blastomere (Coticchio et al., 2021; ) 3 result in euploid blastocysts
Cleavage dynamics / / / Hur et al., 2023) likely to be

less frequently than their
irregular cleaving counterparts

Table colour code: Green: the embryo can be clinically used; Yellow: the embryo could be used with cautionary considerations. Red: the embryo is not considered suitable for clinical use.
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6. Blastocyst stage (Days 4 — 7)

Embryo culture to the blastocyst stage is routine in clinical embryology encompassing Days 4
to 7 and represents a significant shift in practice since the Istanbul Consensus was first
published in 2011.

The survey results indicate that only 27% of the respondents follow the Istanbul Consensus
(2011) recommendations on the timing and criteria for scoring blastocysts. The Gardner
grading system (Gardner and Schoolcraft, 1999), remains the most common scheme utilized

clinically, according to the survey results (63% of respondents) (Supplementary data SlI, figure
1.D). Re-evaluation and modification of the Gardner grading system was to be expected and
this has indeed occurred (Veeck and Zaninovic, 2003, Cuevas Saiz et al., 2018, Hammond et al.,

2020, Pierson et al., 2023), and 30% of respondents indicated using an additional grade (either

“D” or “X”) or the term ”“non-classifiable” to denote blastocysts considered unsuitable for
clinical use.

Al has been applied to both consecutive images of embryo development obtained through
time-lapse (Khosravi et al., 2019, Tran et al., 2019, Berntsen et al., 2022), and to static images
of blastocysts (Bormann et al., 2020, Chavez-Badiola et al., 2020, Diakiw et al., 2022), in an
attempt to improve the ability to identify the most viable embryo in a cohort, while reducing

the intra- and inter-operator variation associated with subjective evaluation of blastocysts
using the grading systems discussed. Interestingly, a recent paper by Ezoe et al., indicated that
Al score was tightly coupled to the morphological aspects of the Gardner grading system (Ezoe
et al.,, 2022b). Al holds great promise to augment embryologist assessment of the blastocyst
(Fitz et al., 2021, Sawada et al., 2021), but should not yet be considered as a replacement for

conventional assessment. The survey results showed that only 14% of the respondents make
use of Al mainly for embryo assessment in TL videos (in 71% of cases) (Supplementary data SlI,
figure 6.C).

Timing of Blastocyst Scoring
The recommended timing by the Istanbul Consensus (2011) for static observation of Day-5
embryosis 116 h + 2 hpi (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest

Group Embryology, 2011). However, formation and expansion of a blastocoel cavity in embryos

leading to a live birth occurs over a wide timeframe, from as early as Day 4 (98.4 + 0.4 hpi) to
the “typical” timing of Day 5 (112.4 + 0.1 hpi) or delayed until Day 6 (131.6 + 0.1 hpi) or Day 7
(151.2 + 0.5 hpi) (Coticchio et al., 2023). Maintaining a standardised window for embryo
assessment can be beneficial for benchmarking, establishing and monitoring KPls, although

this should be balanced against workflow needs, particularly when TLT is not available. In terms
of timing of assessment, even if daily assessment timings cannot be consistent, blastocysts
within a cohort can be compared for developmental stage as well as morphology to aid
selection — being mindful of reports that faster developing embryos, at each stage of
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development, have greater potential for implantation and birth, than their slower counterparts
(Campbell et al., 2022b).

Morphological features to consider for blastocyst assessment

Day of blastocyst formation

Developmental speed is directly correlated with blastocyst viability: slower growing blastocysts
have lower implantation rates (Shebl et al., 2021). While blastocysts developing according to

the expected timeline have high implantation rates when transferred during a fresh cycle
(Shebl et al., 2021), slow growing blastocysts may miss the window of implantation, a problem

that is partially alleviated with blastocyst vitrification and transfer in a frozen cycle (Day 5 vs
Day 6, RR 1.74 for fresh transfer and 1.38 for FET(Bourdon et al., 2019), particularly for Day-6
blastocysts that were at the morulae stage on Day 5 (Tannus et al., 2019). Day 4 blastocysts,

although rare, display a very high implantation rate in frozen embryo transfer cycles (Coticchio
etal., 2023).

Live birth rates for untested blastocysts frozen on Day 6 are lower than those frozen on Day 5
(Bourdon et al., 2019; Yerushalmi et al., 2021; Coticchio et al., 2023); and this difference
persists with the transfer of euploid blastocysts (Tiegs et al., 2019, Zhan et al., 2020, Cimadomo

et al., 2022b, Lane et al., 2022). Day-7 blastocysts, which may represent 5-10% of all useable

blastocysts (Hammond et al., 2018), have higher rates of aneuploidy and lower implantation

rates compared to Day-5 and Day-6 euploid blastocysts (Tiegs et al., 2019, Cimadomo et al,,
2022b, Lane et al.,, 2022). Nonetheless, healthy live births can be obtained with Day-7
blastocysts and these embryos may be of particularimportance for patients with few embryos

available (Du et al., 2018). Survey results indicated that a small minority (16%) of the

respondents perform some fresh Day-7 blastocyst transfers, while most others (49%) transfer
Day-7 blastocysts in frozen embryo transfer cycles.

Degree of expansion and ICM/TE grade
Implantation potential according to the Istanbul Consensus (2011) scoring system is related to

expansion stage and ICM/TE grade, though the relative importance of each remains to be full
resolved. The difference between ICM/TE grades A and B appears marginal, whereas grade C
is considered non-useable by 44% of respondents. The remaining respondents use a modified
Gardner grade or the term “non-classifiable” and consider blastocysts with grade C ICM or TE
as useable. This marked difference in clinical practice indicates lack of consensus, an
observation further supported by the finding that 8 of 10 respondents indicated that a
universally accepted term for non-useable blastocysts is needed.

Fresh untested blastocyst transfers represent a significant proportion of treatment cycles and
have helped establish relative importance of blastocyst characteristics. Multivariate analysis
accounting for expansion stage, ICM grade and TE grade shows that grade of TE is the strongest
predictor of live birth (Ahlstrom et al., 2011, Hill et al., 2013, Thompson et al., 2013, Ebner et
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al., 2016, Bakkensen et al., 2019, Pons et al., 2023), followed by degree of expansion
(Thompson et al., 2013, Du et al., 2016, Subira et al., 2016, Bakkensen et al., 2019). Few
blastocysts with grade “C” ICM or TE were included in these studies; notably one study found

Grade “C” ICM was associated with lower live birth rate (Subira et al.,, 2016). In general,

expanded blastocysts with higher grade TE are associated with higher live birth rates in fresh
transfers (Zou et al., 2023). Similarly, in a multivariate analysis of over 2,000 fresh blastocyst

transfers, one study showed that both expansion stage and TE grade were associated with the
probability of live birth (Storr et al., 2019). The impact of ICM grade on outcome is less clear.

While ICM grade may be associated with pregnancy loss (Van den Abbeel et al., 2013), and

birthweight (Licciardi et al., 2015), further evidence is needed to establish definitive links.

Blastocysts showing marked signs of degeneration or without clearly discernible ICM may
sporadically produce live births, but pertinent evidence is anecdotal (Kovacic et al., 2004).

Predictive features of untested fresh and frozen blastocysts compare favourably. TE grade was
the most common variable associated with live birth from frozen blastocysts (Honnma et al.,
2012, Ahlstrom et al., 2013, Chen et al., 2014), followed by expansion stage (Ahlstrém et al.,
2013). None of these studies found an association between ICM grade and implantation,

though similar to studies with fresh blastocysts, grade “C” ICM was not well represented in
frozen embryo transfer cycles. Of note and in contrast to fresh transfers where only Day-5
embryos were transferred, none of the studies controlled for day of blastocyst formation in
the multivariate analysis, thus limiting their applicability for using stage/grade when ranking
slower growing blastocysts.

Though most studies have found that TE grade has the highest correlation with live birth, at
least one multivariate analysis found that the grade of the ICM is the variable most commonly
associated with implantation (Irani et al., 2017). However, most of the studies only found an

association with grade “C” ICM, not between grade “A” and “B” (Zhao et al., 2018, Nazem et
al., 2019, Abdala et al., 2022, Zhang et al.,, 2022). Some of these studies also found an
association with TE grade (Zhao et al., 2018, Nazem et al., 2019) and expansion stage (Abdala
et al.,, 2022). A recent study developed a composite blastocyst score where day, expansion

stage, TE and ICM grades were all significantly associated with a clinical pregnancy, and
blastocyst day had the largest impact, followed by ICM grade, expansion and TE grade (Zhan

et al, 2020).

Early in the clinical application of blastocyst culture, a threshold for blastocyst useability was
set at Gardner 3BB when slow freezing and variable cryosurvival influenced the decision
(Langley et al., 2001). Since the adoption of vitrification and PGT-A, several studies indicate

that presumably low-grade blastocysts previously classified as non-viable (e.g. grade C) can
produce healthy live births, albeit at greatly reduced rates (Morbeck, 2017; Kemper et al.,
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2021). Similar to Day-7 blastocysts, these low-grade blastocysts may be useful for patients with
few available embryos (Cimadomo et al., 2022b).

Abnormal chromosomal status reported
Human embryos with abnormal chromosomal status can develop as evidenced by the fact that

specific trisomies are compatible with the formation of high scoring blastocysts, and some,
such as trisomy 21, can go to term (Forman et al., 2013, Savio Figueira Rde et al., 2015).

Importantly, blastocysts with abnormal chromosomal status will exhibit aneuploid stress,
through which their transcriptome, proteome and metabolome will be affected, thereby
compromising their physiology and development.

A relationship between blastocyst morphology and aneuploidy following TE biopsy was initially
inferred by a retrospective observational study (Capalbo et al., 2014), which determined an

incidence of aneuploidy of 6.8, 15.2, 17.4 and 27.5% in excellent, good, average and poor
quality embryos in women >35 years old, respectively. Significantly, in blastocysts where both
ICM and TE were abnormal, there was a doubling in the frequency of aneuploidy. Another case
series study with analysis of 1,730 embryos reported that euploid blastocysts were
characterised with high scoring ICM and TE, as well as a high degree of expansion, and a shorter
time to the initiation of blastocoel formation (Minasi et al., 2016). Similarly, an analysis of 3,573

blastocysts showed that euploidy was correlated with the Gardner grade but did not report
the relative contributions of the grading to ploidy (Kato et al., 2023).

Using time-lapse to determine the timing of blastocyst formation (reflected in the expansion
stage), it was observed that kinetics and rate of embryo expansion are related to aneuploidy
risks (Campbell et al., 2013, Huang et al., 2019, Cimadomo et al., 2022b). However, other
groups failed to confirm these findings (Kramer et al., 2014, Yang et al., 2014, Rienzi et al.,

2015). More recently Al has been applied to analysing embryo morphology correlation with
blastocyst euploidy rates (Huang et al., 2021, Zou et al., 2022, Bamford et al., 2023, Barnes et

al., 2023, Hori et al., 2023, Kato et al., 2023) with promising results. Interestingly, a study

reported that the Al score closely associated with the Day-5 Gardner grade in aneuploid
blastocysts (Kato et al., 2023). While certain aspects of blastocyst morphology and specific Al

have been able to identify those embryos at highest risk of being chromosomally abnormal,
the approach lacks diagnostic accuracy. However, these methods could be used to identify
those blastocysts with greatest probability of being aneuploid and hence candidates for biopsy
and genetic analysis.

Spontaneous Collapse
A benefit of time-lapse culture is the ability to assess poorly studied blastocyst features such

as spontaneous blastocoel collapse. Approximately 1 in 4 blastocysts show spontaneous
collapse and re-expansion and even fewer have more than one collapse (Marcos et al., 2015).

The significance of a spontaneous collapse for ongoing pregnancy or live birth is unclear
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(Marcos et al., 2015, Bodri et al., 2016, Sciorio et al., 2020), though most evidence suggests a

negative impact. Blastocysts that collapse are more likely to be aneuploid; however, some
reports indicate a history of collapse does not affect euploid embryo implantation (Cimadomo
et al., 20223, Bickendorf et al., 2023).

Cytoplasmic strings
Cytoplasmic strings are dynamic structures connecting TE and ICM cells and are involved in
cellular communication (Salas-Vidal and Lomeli, 2004). Appearing in 55-85% of expanded,

transferred blastocysts, cytoplasmic strings are positively associated with implantation (Ebner
et al., 2020, Eastick et al., 2021, Ma et al., 2022, Eastick et al., 2023, Joo et al., 2023). Since
strings are also associated with higher blastocyst quality (Ma et al., 2022) and a multivariate

analysis has not been performed for blastocyst grade and implantation, the utility of their
inclusion as an independent predictor of viability for ranking is unknown.

Other morphological features

The presence of two ICMs in one blastocyst is a rare occurrence and warrants careful
consideration. Monozygotic twinning is a complication more common following assisted
reproductive technologies with significant risks to the offspring and the mother (Vitthala et al.,
2009, Hviid et al., 2018, Busnelli et al., 2019, Kadam et al., 2023). Since few case reports exist
of blastocysts with 2 ICMs in vitro (Veeck and Zaninovic, 2003, Payne et al., 2007, Noli et al,,
2015), splitting of the ICM is unlikely to occur until after embryo transfer. Given the risks to
the offspring and the mother, clinics may consider having a policy to not use blastocysts with

suspected 2 or more ICM. Alternatively, when two ICM are visible prior to transfer, clinics
should have a policy whereby the medical team is notified to allow for proper patient
counselling.

Several other features beyond traditional morphology may also be used in ranking blastocysts.
While many reports correlate early embryo developmental features with blastocyst
implantation, most do not account for blastocyst morphology in the statistical analysis. The
only pre-compaction variable associated with blastocyst live birth, when accounting for
blastocyst quality, is the number of cells on Day 3, where slow cleaving embryos (<7 cells) have
reduced implantation rates when transferred at the blastocyst stage (Wu et al., 2020, Zhao et

al., 2020). Utility of this finding is uncertain, however, since it would only be applied when
selecting between two blastocysts with similar Day/stage/grade.

Consensus points
e Ultimately, the goal of blastocyst grading is ranking for order of use.

e The Gardner scoring system for blastocyst scoring should be used (Table 8;
Supplementary data S, figure 1 and table 1). This system is distinguished from the prior
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Consensus grading by using letters for the ICM/TE grades and adding additional
expansion stages (e.g. hatched blastocyst).

Non-viable blastocysts should be graded as “D” as opposed to “C” based on
degenerative features or absence of a distinct ICM.

The common features that are clearly associated with implantation potential include
day of blastocyst formation (Day 4-7), stage of expansion (3,4,5,6), and grade of ICM
(A, B, C)and TE (A, B, C).

Blastocysts with grade C ICM and/or TE and Day 7 blastocysts can be viable and could
be considered suitable for clinical use.

Blastocysts with 2 ICM indicating potential monozygotic twinning should not
be transferred without thorough patient counselling.

Assigning relative importance of each variable requires systematic multivariate analysis
with a large dataset and is further complicated when assessing fresh versus frozen
untested and euploid blastocysts.
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1116 Table 8 Consensus scoring system for blastocysts

Stage Description
Stage of 1 Early blastocyst: blastocoel less than half of the volume of the embryo.
expansion _
2 Blastocyst: blastocoel that is half of or greater than half of the volume of the embryo.
3 Full blastocyst: blastocoel completely fills the embryo.
4 Expanded blastocyst: blastocoel larger than that of the early embryo, with a clearly thinning zona.
5 Hatching blastocyst: trophectoderm starting to herniate though the zona.
6 Hatched blastocyst: blastocyst has completely escaped from the zona
Grade Description
ICM A Prominent, easily discernible, with many cells that are compacted and tightly adhered together
B Easily discernible, with several cells that are loosely grouped together.
C Very few cells visible.
D No visible cells, or presence of degenerating cells.
TE A Many cells forming a cohesive epithelium.
B Moderate number of cells forming a loose epithelium.
C Few and larger cells with poor epithelia formation.
D Sparse or degenerating cells surrounding the ICM
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Table 9 Overview of all evidence and recommendations for blastocyst assessment

Overview of all evidence and recommendations on blastocyst assessment
Summary of review findings Considerations Recommendation
Atvpical Embryo quality and
Feature a\:ferns development Ploidy Implantation rate Live birth rate
: potential
Association with lower implantation rates Association with lower live birth rate | Speed of
Slow growin .
Very Low G,BOOO Low GBEBQO ) g & . development is one
1 observational study (Shebl et al., 2021) 3 observational studies (Bourdon et al., 2019; blastocysts may miss the .
Yerushalmi et al., 2021; Coticchio et al., window of implantation, of the primary
2023) . indicators of
Slow blastocyst a problem that is .
/ / . . . blastocyst potential
(Day 5 vs Day 6) partially alleviated with
e . and should be used
Day of blastocyst vitrification .
. for ranking of
blastocyst and transfer in a frozen
. blastocysts for
formation cycle.
transfer
Association with higher Association with lower implantation rates Association with lower live birth rate
aneuploidy rates Low @O0 Low @000 Day-7 blastocysts
Day 7 / Low @ OO 3 observational studies (Tiegs et al., 2019; 1 review and 3 observational studies can be viable and
blastocysts 3 observational studies (Tiegs et Cimadomo et al., 2022; Lane et al., 2022) (Hammond et al., 2018; Tiegs et al., 2019; could be considered
al., 2019; Cimadomo et al., 2022; Cimadomo et al., 2022; Lane at al., 2022) for clinical use.
Lane et al., 2022)
Contradictory results: Association with higher live birth rate
Association with higher Very lo .
loid VL G_BOOO. Degree of expansion
aneuploidy rates 4 observational studies (Ahlstrom et al., . .
Very low 8OO0 2013; Du et al., 2016; Subira et al., 2016; is one of the primary
3 observational studies (Campbell Thompson et al., 2013; Bakkensen et al., indicators of
Degree of etal., 2013; Cimadomo et al., 2019; Storr et al., 2019) blastocyst potential
A / 2022; Huang et al. 2019) /
expansion No clear association with and should be used
aneuploidy rate for ranking of
Very low @OO0O blastocysts for
3 observational studies (Kramer et transfer
al., 2014; Rienzi et al., 2015; Yang
etal., 2014)
Association with aneuploidy rate Contradictory results: TE grade is the strongest predictor of live Trophectoderm is
Grade Moderate ®HDO ICM grade associated with implantation birth rates one of the primary
1 systematic review and 5 Very low 8OO0 Lowdd OO o
observational studies (Bamford et 4 observational studies (Irani et al., 2017; 10 observational studies (Ahlstrom et al., indicators of
al., 2023; Barnes et al., 2023; Hori Zhao et al., 2018; Nazem et al., 2019; Abdala 2011; Honma et al., 2012; Ahlstrom et al., blastocyst potential
etal., 2023; Huang et al., 2021; etal., 2022; Zhang et al., 2022) 2013; Hill et al., 2013; Thompson et al., 2013; and should be used
Kato et al., 2023; Zou et al., 2022) !\lo clear a'ssouatlon of ICM grade with Chen et al., 2014; Ebner et al., 2016; for ranking of
implantation rate Bakkensen et al., 2019; Storr et al., 2019;
ICM/TE grade / Very low 8OO0 Pons et al., 2023) blastocysts for
3 observational studies (Ahlstrom et al., transfer.
2013; Chen et al., 2014; Honma et al., 2012)
Grade C blastocysts
can be viable and
could be considered
for clinical use.
Association with lower Identifying embryos at
embryo quality hi . .
ighest risk of bein
very low @000 J g
3 observational study Chromosoma"y
(Capalbo et al., 2014; abnormal is not a
Minasi et al., 2016; Kato diagnostic approach but
etal, 2023) rather could be
Chromosomal . erceived as a mean to
Aneuploid / / / p .
status identify those
blastocysts with
greatest probability of
being aneuploid and
hence candidates for
biopsy and genetic
analysis.
Association with higher Association with higher implantation rate The utility of Blastocyst
. Presence of blastocyst quality Low @O0 ‘ cytoplasmic strings presenting
Cytoplasmic k Very low 8OO0 (Ebner et al., 2020; Eastick et al., 2021; Ma et 8 .
strings cytoplasmlc 1 observational study / al., 2020; Eastick et al., 2023; Joo et al., 2023) / presence as an cvtOPIasm'c strings
strings (Ma et al., 2020) independent indicator could be used
for ranking is unknown. clinically.
Association with lower Association with lower euploidy No clear association with implantation Contradictory results:
blastocyst quality rate potential Association with lower ongoing pregnancy
very low @000 Lowdd OO Very low 8OO0 rate The sienifi f
1 observational study 1 meta-analysis of 3 observational 2 observational studies (Sciorio et al., 2020; Low @dOO SRR )
Spontaneous Spontaneous (Cimadomo et al., 2022)  studies (Bickendorf et al., 2023) Cimadomo et al., 2022) 1 meta-analysis of 5 observational studies spontaneous collapse on
Collapse Collapse (Bickendorf et al., 2023) pregnancy outcomes is
No clear association with live birth rate unclear
Low @O0
1 meta-analysis of two observational studies
(Bickendorf et al., 2023)
Potential complication Given the risks to the Blastocysts with 2
Ve G?OOO . offspring and the ICM indicating
2 observational studies . .
(Payne et al., 2007; Noli mother, clinics may potential
Presence of etal., 2015) / / / consider having a policy monozygotic
2ICM to not use blastocysts twinning should not
with 2 or more ICM be transferred
without thorough
patient counselling.
ICM .
Non-viable
blastocysts should
Transfer of blastocysts be graded as “D” as
Association with lower implantation rate Association with lower live birth rate . upn
without ICM may lead opposed to “C
Absence of ICM / / Very low 8OO0 very low 8000 b I : bpp d
1 observational study (Kovacic et al., 2004) 1 observational study (Kovacic et al., 2004) to abnormal pregnancy aseaion
or pregnancy loss. degenerative
features or absence
of a distinct ICM .
Table colour code: Green: the embryo can be clinically used; Yellow: the embryo could be used with cautionary considerations. Red: the embryo is not considered suitable for clinical use.

1119

44




1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130

1131
1132
1133
1134
1135
1136
1137

1138
1139
1140
1141
1142

1143
1144
1145
1146

1147
1148
1149
1150
1151
1152
1153

1154
1155

7. Duration of embryo culture and frequency of assessments: safety versus effectiveness

The Istanbul Consensus (2011) offers a broad spectrum of morphological parameters for
oocyte and embryo assessment. In laboratories using TLT-equipped incubators, continuous
culture allows flexibility in the frequency and level of detail of embryo evaluation, without
disturbing the culture conditions. In laboratories performing static observations, however, the
frequency of embryo assessment should be determined considering factors such as the type
of incubators used (bench top or big box), the type of culture medium (single or sequential),
the use of isolettes for embryo handling, and the duration of embryo culture (cleavage or
blastocyst stage). The aim is to strike an optimal balance between acquiring the desired
information on developing embryos and minimising the disturbance of the culture conditions
(Swain, 2014, Wale and Gardner, 2016, ESHRE working group on Time-lapse technology, 2020).

Several ART centres still combine cleavage and blastocyst stage embryo transfers, as shown in
our survey (Supplementary data Sll, figure 4). The duration of embryo culture, embryo
morphology assessment and embryo transfer policy- whether fresh or frozen- should primarily
aim for the fastest, safest and most economically sustainable way to achieve the goal of fertility
treatment. The choice of assessment methods, level of detail, and the duration and frequency
of monitoring of embryo development under in vitro conditions should therefore be tailored
to the available laboratory equipment.

Current practice of cleavage stage versus blastocyst transfer

Our survey showed that the blastocyst stage is commonly used in ART centres for performing
embryo transfer. Fewer than 2% of ART centres did not perform blastocyst transfer at all while
17.4% performed blastocyst transfer nearly exclusively (in >95% of cycles) (Supplementary
data SlI, figure 4.A).

Interestingly, Day-2 and Day-3 embryo transfer were not practiced at all in 44% and 8% of ART
centres, respectively. On the other hand, only 2-3% of ART centres exclusively practiced
cleavage stage embryo transfer with 2.2% performing transfers on Day-3 and 0.7% on Day-2
(Supplementary data Sli, figure 4.A).

Moreover, cryopreservation of blastocysts predominates over cleavage stage embryos. More
than 50% of the respondents reported that embryos are exclusively cryopreserved at the
blastocyst stage, while in the remaining cases mostly a combination of cryopreservation of Day-
3 and Day-5/6 embryos is performed (Supplementary data SlI, figure 4.B). Day-2 and Day-4
embryos are never cryopreserved by roughly 75% of ART centres (Supplementary data SlI,
figure 4.B). A similar trend with a higher percentage of blastocyst (73.9%) over cleavage stage
(26.1%) frozen transfers can be found in the ESHRE report for 2018 (Wyns et al., 2022).

The transfer of Day-4 embryos occurred in less than 25% of the transfer cycles according to
36.3% of the respondents and only 19.9% of the respondents reported that they cryopreserve
45



1156
1157
1158
1159

1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172

1173
1174
1175
1176
1177

1178
1179
1180
1181
1182
1183
1184

1185
1186
1187
1188

1189
1190
1191

Day-4 embryos in less than 25% of the transfer cycles (Supplementary data SlI, figure 4). It is
not clear whether the reason for the use of day 4 embryos is the earlier development of the
blastocyst or the earlier scheduling of the day of transfer or cryopreservation at the
convenience of the patient or the centre.

Reasons for increasing use of extended embryo culture

Several factors have contributed to the increasing use of blastocyst transfer. There is consistent
evidence from a multitude of studies showing higher pregnancy and live birth per transfer
using fresh blastocyst transfer, with this observation being more prominent in good prognosis
patients (Practice Committee of the American Society for Reproductive Medicine, 2018).

However, a retrospective analysis of more than 100 000 IVF/ICSI cycles showed that after
adjusting for indication bias, there was not enough evidence to suggest a difference in the odds
of live birth following blastocyst versus cleavage-stage embryo transfer in the first complete
cycle (Cameron et al., 2020), although the majority of the cycles included were performed

following culture in atmospheric oxygen, known to negatively impact blastocyst outcomes
(Gardner, 2016). Although the cumulative live birth rate appears to be similar, blastocyst

transfer is associated with a shorter time to pregnancy and to birth, but also higher cancellation
rates compared to cleavage-stage transfer (De Vos et al., 2016).

The implementation of national strategies towards elective single embryo transfer to decrease
multiple birth rates has resulted in increasing use of extended embryo culture (ESHRE Campus
Course Report, 2001, ASRM, 2012, Knez et al., 2013, Harbottle et al., 2015, De Geyter et al.,
2020, Fouks and Yogev, 2022, The ESHRE guideline group on the number of embryos to

transfer, 2024).

The development of TE biopsy for PGT has also contributed to the increasing use of blastocyst
culture (ESHRE PGT Consortium and SIG Embryology - Biopsy Working Group, 2020). Cleavage

stage biopsy has been shown to have a negative impact on embryo developmental
competence, especially when two blastomeres are removed (Scott et al., 2013). Blastocyst

biopsy seems to be safer compared with Day-3 embryo biopsy, as some studies have suggested
that removing a small number of TE cells does not affect the embryo implantation or fetal
development (Van de Velde et al., 2000, Scott et al., 2013).

The increasing use of TLT in IVF laboratories, reported in more than 50% of all ART centres
responding to our survey (Supplementary data SlI, figure 6.A), also means that patients are
increasingly offered continuous and detailed monitoring of embryo development to blastocyst
stage.

Initial concerns about extended embryo culture due to the possible prolonged influence of
environmental factors on embryonic epigenetics are decreasing (White et al., 2015, Ghosh et

al., 2017, Ji et al., 2018), although follow-up studies of children conceived after ART point to
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the possible influence of culture media, culture duration and other laboratory factors on infant
health (Berntsen et al., 2019). Some studies have reported a significantly higher rate of preterm

birth and very preterm birth after blastocyst compared to cleavage stage transfer, but the risk
of small for gestational age infants was significantly lower for singletons born after blastocyst
transfer (Martins et al., 2016, Wang et al., 2017, Alviggi et al., 2018). Analysis of 130,156 live
births confirmed the reported association between blastocyst transfer and lower risk of small

for gestational age and showed a reduced risk of congenital anomaly following blastocyst
transfer (Raja et al., 2023). In a review of over 60,000 cycles in the UK, single fresh blastocyst

transfer did not show a negative effect on gestational age at birth nor birth weight compared
with cleavage stage embryo transfer (Marconi et al., 2023).

One remaining question is whether in poor responders with low zygote numbers, embryo
transfer should be done on Day 2, Day 3 or Day 5/6. A retrospective study showed that
transferring embryos on Day 2 versus Day 3 in this patient group does not affect early
pregnancy outcomes and suggested the flexibility in scheduling the day of transfer at the
convenience of both the patient and the centre (Sacha et al., 2018). According to another

study, there is no difference in clinical pregnancy rates after fresh Day-3 or Day-5 embryo
transfer in patients with 5 or fewer zygotes (Dirican et al., 2022). However, those with 6 or

more zygotes can benefit from blastocyst transfer due to better selection options. Larger
prospective studies are needed to provide a conclusive answer to the above question.

Technical considerations for extended embryo culture
The success of extended embryo culture relies on crucial parameters, such as reduced oxygen
concentration, optimal pH, temperature and osmolality (Gardner and Lane, 1997). Blastocyst

culture affects logistics and workflow, as well as technical requirements in the laboratory, such
as incubator type and capacity, frequency of embryo assessment, and - if performed -
annotation of morphokinetics and culture media renewal. Success also depends on stable
culture conditions and an efficient blastocyst vitrification programme (Swain, 2019, Cairo

Consensus Guidelines on IVF Culture Conditions, 2020). Therefore, the ART centre's capacity

to ensure appropriate conditions for blastocyst culture should be proven. A blastocyst culture
approach should be introduced starting first with good responder patients and, after
appropriate blastocyst development rate and clinical outcomes are obtained, gradual wider
application to other groups of IVF patients (Gardner and Lane, 2017, De Croo et al., 2020). The

success of the blastocyst vitrification programme should be self-verified by the IVF laboratory
by tracking key performance indicators. The reference rates for blastocyst cryosurvival are
expected to be >90% for competency and >99% for benchmark (ESHRE Special Interest Group

of Embryology and Alpha Scientists in Reproductive Medicine, 2017). Due to greater

experience with blastocyst vitrification, the rate of degeneration during warming is now lower
than that estimated in a previous cryopreservation consensus (The Alpha Scientists in
Reproductive Medicine, 2012).
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Modern benchtop incubators with individual chambers represent a safer incubator design and
provide a faster recovery time of all physico-chemical parameters after door openings
compared to older ‘big-box’ incubators (Kovaci¢, 2021). However, in the case of prolonged and

continuous culture of embryos, possible changes in osmolality and pH over time must also be

monitored (Swain, 2019).

Incubators with integrated TLT allow continuous observation of the morphokinetics of
developing embryos with uninterrupted incubation throughout the preimplantation period
(Meseguer et al., 2012). A good practice recommendation paper including a systematic

assessment of how to approach and introduce TLT for IVF was published to provide centres
with technical advice (ESHRE working group on Time-lapse technology, 2020).

Due to the overwhelming evidence of the detrimental effect of atmospheric oxygen
concentration on embryonic development (Gardner, 2016), the use of reduced oxygen is now

considered standard practice, especially for extended incubation of embryos to blastocyst
stage (Kovaci¢, 2012, De los Santos et al., 2016).

Frequency of embryo assessment: rationale

While the accuracy of assessing blastomere cleavages is important, laboratories with limited
number of incubators should carefully consider certain limitations and prioritize the safety and
quality of the embryo culture conditions. More frequent opening of incubators may have a
negative impact on embryonic development (Gardner and Lane, 1996, Zhang et al., 2010,

Nguyen et al., 2018). In such situations, assessing morphology only at the end of the culture

period may be considered, with no or few intermediate checks on their development.

If it is decided to practice short-term embryo culture in IVF cycles with large numbers of
zygotes, then a more detailed and frequent assessment of embryo morphology might improve
selection of embryos by the ranking scheme given in this paper.

Consensus points
e Extended embryo culture is an accepted and standard practice.

e The length of embryo culture and frequency of static embryo observations must be
adjusted to the equipment in the laboratory and staff skill, ensuring minimal changes
in culture conditions that could affect embryo development.

Conclusion

This consensus paper provides updated recommendations on criteria and terminology for
assessing oocyte, zygote, cleavage-stage embryo, morulae, and blastocyst development based
on a thorough review of evidence accumulated over the past decade. Critical information
gained from application of TLT has provided the impetus for revised timings of developmental
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milestones, greater consideration of the influence of insemination methods on early
embryogenesis, and presentation of a broader spectrum of atypical morphology detected with
time-lapse imaging. The collated recommendations (Table 10) aim to promote standardized
embryo evaluation practices to better predict viability and optimise embryo selection for
transfer and cryopreservation. Notwithstanding the progress of the past decade, several
knowledge gaps remain (Table 11) concerning the clinical value of specific morphological and
morphokinetic parameters that warrant further investigation and scrutiny. Undoubtedly, the
next decade will bring a more substantial incorporation of Al in the ART laboratory, offering
solutions to the perpetually challenging problem of viable gamete and embryo selection.

Lastly, by combining expertise and experience across institutions and geographical regions,
international collaborative efforts such as that represented by this consensus paper can
contribute to improving research consistency, clinical practice, and most importantly,
outcomes for patients seeking assisted reproduction.
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Recommendations

Table 10 List of recommendations

Recommendations

Oocyte assessment

Zygote state
assessment

Day-1, -2 & -3
embryo
assessment

Day-4 embryo
assessment

Day-5, -6 & -7
embryo
assessment

Duration of
embryo culture and

frequency of
assessments

Giant oocytes should be excluded from clinical use.

The use of small/large oocytes and IVM-rescued oocytes should be documented for prognostic and traceability purposes
due to their apparently lower developmental potential.

Finally, embryos derived from MIl oocytes free of large or multiple vacuoles, SER-a, and very large first PB should be
prioritized for clinical use.

Follow-up of babies born from oocytes with atypical phenotypes and rescue IVM demands attention.

Assessment of PN number should be carried out between 16 and 17 hpi in both conventional IVF and ICSI cases.
Zygotes with 2PN should be prioritized for clinical use.

2.1PN and 1PN zygotes from IVF or ICSI may be considered for clinical use with appropriate counselling, especially if
associated with PGT-A technology appropriate for biparental diploidy assessment.

The clinical use of 3PN zygotes is not recommended, while pre-clinical or pilot clinical studies should be encouraged.
Dynamic features such as PN size, PN position and juxtaposition, NPB pattern, and cytoplasmic halo cannot be accurately
assessed during static observations. Thus, they cannot be consistently used as biomarkers of viability.

2-cell embryos on Day-1, 4-cell embryos on Day- 2, 8-cell embryos on Day-3 showing <10% fragmentation,
mononucleation, and stage-specific cell size should be prioritized in case of cleavage stage embryo transfer or
cryopreservation.

Cleavage stage embryos with atypical features such as extensive fragmentation, multinucleation, vacuoles, cytoplasmic
granularity, membrane, and zona irregularities, can be considered suitable for clinical use. However, extended culture of
these embryos for further evaluation should be considered.

Day-4 embryos showing full compaction or early cavitation should be prioritized in case of Day-4 transfer or vitrification.
Embryos with partial compaction can form blastocysts and should be considered for clinical use. Extended culture of
these embryos for further evaluation should be considered.

Ultimately, the goal of blastocyst grading is ranking for order of use.

The Gardner scoring system for blastocyst scoring (Table 8) should be used. This system is distinguished from the prior
Consensus grading by using letters for the ICM/TE grades and adding additional expansion stages (e.g. hatched
blastocyst).

Non-viable blastocysts should be graded as “D” as opposed to “C” based on degenerative features or absence of a distinct ICM.

The common features that are clearly associated with implantation potential include day of blastocyst formation (Day
4-7), stage of expansion (3,4,5,6), and grade of ICM (A, B, C) and TE (A, B, C).

Blastocysts with grade C ICM and/or TE and Day 7 blastocysts can be viable and could be considered suitable for clinical
use.

Blastocysts with 2 ICM indicating potential monozygotic twinning should not be transferred without thorough patient
counselling.

Assigning relative importance of each variable requires systematic multivariate analysis with a large dataset and is further
complicated when assessing fresh versus frozen untested and euploid blastocysts.

Extended embryo culture is an accepted and standard practice.
The length of embryo culture and frequency of static embryo observations must be adjusted to the equipment in the
laboratory and staff skill, ensuring minimal changes in culture conditions that could affect embryo development.
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Table 11 List of knowledge gaps and recommendations for future research

Expected timeline

Oocyte
assessment

Zygote stage
assessment

Day-1, -2 & -3
embryo
assessment

Day-4 embryo
assessment

Day-5,-6 & -7
embryo
assessment

Duration of
embryo culture

and frequency of

assessments

Knowledge gap
It is unknown how and whether artificial intelligence-based
analyses and selection algorithms will evolve or deal with data
heterogeneity.

The body of evidence to date is based almost exclusively on
qualitative (presence/absence) analyses and exclude an
objective description of each dysmorphism.

The impact of different ovarian stimulation

protocols/responses on oocyte parameters has not been fully
evaluated.

TLT has highlighted complex changes over time of the majority
of relevant morphokinetic parameters, such as PN size and
position, NPB patterning and cytoplasmic halo. Use of such
parameters to predict embryo developmental competence
remains  elusive, probably because  morphokinetic
abnormalities occurring at fertilization may be compensated by
the outstanding developmental plasticity of the human embryo
(Coticchio et al., 2021a).

Insight into what may be considered optimal timing for

cleavage stage embryo evaluation is still lacking. Questions
surrounding the significance of multinucleation, the number of
nuclei and the number of affected cells and the developmental
stage when this condition appears remain largely unanswered.
There is a crucial gap in knowledge concerning the criteria for
exclusion of embryos from selection for clinical use.

It is currently unknown whether and to what extent type and
composition of culture media (e.g. Ca®*, Mg?*) might influence
compaction timing and phenotypes.

Little information is available on premature compaction
behaviour as early as the 2- to 4-cell stages.

A best practice for establishing a clinic-specific ranking of
blastocysts based on morphology and time of development
and in-house validation of established algorithms before use is
lacking.

Evidence is lacking on the effectiveness of non-selective use of
extended embryo culture in all patients.

Recommendations for future research
Develop more advanced analytic tools to provide the facility to
identify the most viable embryo(s) from a cohort and an
estimation of the likelihood of each embryo leading to live birth.

Future standardized and quantitative analyses should be
conducted on oocyte morphology, thereby filling important gaps
in knowledge.

Further studies using artificial intelligence for oocyte assessment
might be useful.

Use of TLT and allied technologies, namely image analysis and
artificial intelligence to decrypt the developmental significance of
fertilization biomarkers, such as NPB patterning. This is expected
to lead to novel criteria for embryo ranking and perhaps for the
prediction of blastocyst aneuploidy.

Use of TLT and PGT-A to distinguish haploid/triploid from diploid
1PN and 3PN zygotes, thereby identifying potentially viable
embryos that would be otherwise discarded.

Further studies using TLT are expected to provide a deeper

understanding of the association between time of assessment,
morphological features, and clinical outcomes.

Explore the underlying cellular mechanisms that can explain
compaction timing and blastomere exclusion/extrusion
processes.

Develop objective measures of blastocyst quality to improve the
accuracy of blastocyst scoring and ranking, though early reports
have not shown an improvement with either of these
methodologies (Kato et al., 2023).

Identify markers of viability beyond morphology and bright-field

microscopy to improve non-invasive blastocyst assessment
(Gardner and Balaban, 2016, Gardner and Sakkas, 2023).

Assess whether more frequent observations of embryos during
prolonged culture improves embryo selection or clinical efficacy
of the procedure.

51



References

Abdala A, Elkhatib I, Bayram A, Arnanz A, El-Damen A, Melado L, Lawrenz B, Fatemi HM, De Munck N. Day 5 vs day 6 single euploid blastocyst
frozen embryo transfers: which variables do have an impact on the clinical pregnancy rates? Journal of assisted reproduction and genetics
2022;39: 379-388.

Aguilar J, Motato Y, Escribd MJ, Ojeda M, Mufioz E, Meseguer M. The human first cell cycle: impact on implantation. Reproductive biomedicine
online 2014;28: 475-484.

Aguilar J, Rubio I, Mufioz E, Pellicer A, Meseguer M. Study of nucleation status in the second cell cycle of human embryo and its impact on
implantation rate. Fertility and sterility 2016;106: 291-299.e292.

Ahlstrém A, Berntsen J, Johansen M, Bergh C, Cimadomo D, Hardarson T, Lundin K. Correlations between a deep learning-based algorithm for
embryo evaluation with cleavage-stage cell numbers and fragmentation. Reproductive biomedicine online 2023;47: 103408.

Ahlstrom A, Lundin K, Lind AK, Gunnarsson K, Westlander G, Park H, Thurin-Kjellberg A, Thorsteinsdottir SA, Einarsson S, Astrom M et al. A
double-blind randomized controlled trial investigating a time-lapse algorithm for selecting Day 5 blastocysts for transfer. Human reproduction
(Oxford, England) 2022;37: 708-717.

Ahlstrom A, Park H, Bergh C, Selleskog U, Lundin K. Conventional morphology performs better than morphokinetics for prediction of live birth
after day 2 transfer. Reproductive biomedicine online 2016;33: 61-70.

Ahlstrém A, Westin C, Reismer E, Wikland M, Hardarson T. Trophectoderm morphology: an important parameter for predicting live birth after
single blastocyst transfer. Human reproduction (Oxford, England) 2011;26: 3289-3296.

Ahlstrom A, Westin C, Wikland M, Hardarson T. Prediction of live birth in frozen-thawed single blastocyst transfer cycles by pre-freeze and
post-thaw morphology. Human reproduction (Oxford, England) 2013;28: 1199-1209.

Akarsu C, Caglar G, Vicdan K, Sézen E, Biberoglu K. Smooth endoplasmic reticulum aggregations in all retrieved oocytes causing recurrent
multiple anomalies: case report. Fertility and sterility 2009;92: 1496.e1491-1496.e1493.

Alikani M. Epithelial cadherin distribution in abnormal human pre-implantation embryos. Human reproduction (Oxford, England) 2005;20:
3369-3375.

Alikani M, Calderon G, Tomkin G, Garrisi J, Kokot M, Cohen J. Cleavage anomalies in early human embryos and survival after prolonged culture
in-vitro. Human reproduction (Oxford, England) 2000;15: 2634-2643.

Alikani M, Cohen J, Tomkin G, Garrisi GJ, Mack C, Scott RT. Human embryo fragmentation in vitro and its implications for pregnancy and
implantation. Fertility and sterility 1999;71: 836-842.

AlikaniM, Palermo G, Adler A, Bertoli M, Blake M, Cohen J. Intracytoplasmic sperm injection in dysmorphic human oocytes. Zygote (Cambridge,
England) 1995;3: 283-288.

The Alpha consensus meeting on cryopreservation key performance indicators and benchmarks: proceedings of an expert meeting.
Reproductive biomedicine online 2012;25: 146-167.

Alviggi C, Conforti A, Carbone IF, Borrelli R, de Placido G, Guerriero S. Influence of cryopreservation on perinatal outcome after blastocyst- vs
cleavage-stage embryo transfer: systematic review and meta-analysis. Ultrasound in obstetrics & gynecology : the official journal of the
International Society of Ultrasound in Obstetrics and Gynecology 2018;51: 54-63.

Antczak M, Van Blerkom J. Temporal and spatial aspects of fragmentation in early human embryos: possible effects on developmental
competence and association with the differential elimination of regulatory proteins from polarized domains. Human reproduction (Oxford,
England) 1999;14: 429-447.

Araki E, Itoi F, Honnma H, Asano Y, Oguri H, Nishikawa K. Correlation between the pronucleus size and the potential for human single
pronucleus zygotes to develop into blastocysts : 1PN zygotes with large pronuclei can expect an embryo development to the blastocyst stage
that is similar to the development of 2PN zygotes. Journal of assisted reproduction and genetics 2018;35: 817-823.

Arce JC, Ziebe S, Lundin K, Janssens R, Helmgaard L, Sgrensen P. Interobserver agreement and intraobserver reproducibility of embryo quality
assessments. Human reproduction (Oxford, England) 2006;21: 2141-2148.

Armstrong S, Bhide P, Jordan V, Pacey A, Marjoribanks J, Farquhar C. Time-lapse systems for embryo incubation and assessment in assisted
reproduction. The Cochrane database of systematic reviews 2019;5: Cd011320.

Arroyo G, Santald J, Boada M, Parriego M, Rodriguez |, Coroleu B, Barri PN, Veiga A. Does early cleavage correlate with chromosome
constitution in human preimplantation embryos? Medicina Reproductiva y Embriologia Clinica 2015;2: 31-39.

Asami M, Lam BYH, Ma MK, Rainbow K, Braun S, VerMilyea MD, Yeo GSH, Perry ACF. Human embryonic genome activation initiates at the
one-cell stage. Cell stem cell 2022;29: 209-216.€204.

Ashrafi M, Karimian L, Eftekhari-Yazdi P, Hasani F, Arabipoor A, Bahmanabadi A, Akhond MR. Effect of oocyte dysmorphisms on
intracytoplasmic sperm injection cycle outcomes in normal ovarian responders. The journal of obstetrics and gynaecology research 2015;41:
1912-1920.

Aslan Oztiirk S, Cincik M, Donmez Cakil Y, Sayan S, Selam B. Early Compaction Might Be a Parameter to Determine Good Quality Embryos and
Day of Embryo Transfer in Patients Undergoing Intracytoplasmic Sperm Injection. Cureus 2022;14: e23593.

Awadalla MS, Agarwal R, Ho JR, McGinnis LK, Ahmady A. Effect of trophectoderm biopsy for PGT-A on live birth rate per embryo in good
prognosis patients. Archives of gynecology and obstetrics 2022a;306: 1321-1327.

Awadalla MS, Ho JR, McGinnis LK, Ahmady A, Cortessis VK, Paulson RJ. Embryo morphology and live birth in the United States. F&S reports
2022b;3:131-137.

Azzarello A, Hoest T, Mikkelsen AL. The impact of pronuclei morphology and dynamicity on live birth outcome after time-lapse culture. Human
reproduction (Oxford, England) 2012;27: 2649-2657.

Bakkensen JB, Brady P, Carusi D, Romanski P, Thomas AM, Racowsky C. Association between blastocyst morphology and pregnancy and
perinatal outcomes following fresh and cryopreserved embryo transfer. Journal of assisted reproduction and genetics 2019;36: 2315-2324.
Balaban B, Ata B, Isiklar A, Yakin K, Urman B. Severe cytoplasmic abnormalities of the oocyte decrease cryosurvival and subsequent embryonic
development of cryopreserved embryos. Human reproduction (Oxford, England) 2008;23: 1778-1785.

Balaban B, Urman B. Effect of oocyte morphology on embryo development and implantation. Reproductive biomedicine online 2006;12: 608-
615.

52



Balaban B, Urman B, Sertac A, Alatas C, Aksoy S, Mercan R. Oocyte morphology does not affect fertilization rate, embryo quality and
implantation rate after intracytoplasmic sperm injection. Human reproduction (Oxford, England) 1998;13: 3431-3433.

Balakier H, Bouman D, Sojecki A, Librach C, Squire JA. Morphological and cytogenetic analysis of human giant oocytes and giant embryos.
Human reproduction (Oxford, England) 2002;17: 2394-2401.

Balakier H, Cadesky K. The frequency and developmental capability of human embryos containing multinucleated blastomeres. Human
reproduction (Oxford, England) 1997;12: 800-804.

Balakier H, Sojecki A, Motamedi G, Librach C. Time-dependent capability of human oocytes for activation and pronuclear formation during
metaphase Il arrest. Human reproduction (Oxford, England) 2004;19: 982-987.

Balakier H, Sojecki A, Motamedi G, Librach C. Impact of multinucleated blastomeres on embryo developmental competence, morphokinetics,
and aneuploidy. Fertility and sterility 2016;106: 608-614.e602.

Bamford T, Barrie A, Montgomery S, Dhillon-Smith R, Campbell A, Easter C, Coomarasamy A. Morphological and morphokinetic associations
with aneuploidy: a systematic review and meta-analysis. Human reproduction update 2022;28: 656-686.

Bamford T, Easter C, Montgomery S, Smith R, Dhillon-Smith RK, Barrie A, Campbell A, Coomarasamy A. A comparison of 12 machine learning
models developed to predict ploidy, using a morphokinetic meta-dataset of 8147 embryos. Human reproduction (Oxford, England) 2023;38:
569-581.

Barberet J, Bruno C, Valot E, Antunes-Nunes C, Jonval L, Chammas J, Choux C, Ginod P, Sagot P, Soudry-Faure A et al. Can novel early non-
invasive biomarkers of embryo quality be identified with time-lapse imaging to predict live birth? Human reproduction (Oxford, England)
2019;34: 1439-1449.

BarnesJ, Brendel M, Gao VR, Rajendran S, Kim J, Li Q, Malmsten JE, Sierra JT, Zisimopoulos P, Sigaras A et al. A non-invasive artificial intelligence
approach for the prediction of human blastocyst ploidy: a retrospective model development and validation study. The Lancet Digital health
2023;5: e28-e40.

Barrie A, Homburg R, McDowell G, Brown J, Kingsland C, Troup S. Examining the efficacy of six published time-lapse imaging embryo selection
algorithms to predict implantation to demonstrate the need for the development of specific, in-house morphokinetic selection algorithms.
Fertility and sterility 2017a;107: 613-621.

Barrie A, Homburg R, McDowell G, Brown J, Kingsland C, Troup S. Preliminary investigation of the prevalence and implantation potential of
abnormal embryonic phenotypes assessed using time-lapse imaging. Reproductive biomedicine online 2017b;34: 455-462.

Barrie A, McDowell G, Troup S. An investigation into the effect of potential confounding patient and treatment parameters on human embryo
morphokinetics. Fertility and sterility 2021a;115: 1014-1022.

Barrie A, Smith R, Campbell A, Fishel S. Optimisation of the timing of fertilisation assessment for oocytes cultured in standard incubation:
lessons learnt from time-lapse imaging of 78 348 embryos. Human reproduction (Oxford, England) 2021b;36: 2840-2847.

Bartolacci A, Intra G, Coticchio G, dell'Aquila M, Patria G, Borini A. Does morphological assessment predict oocyte developmental competence?
A systematic review and proposed score. Journal of assisted reproduction and genetics 2022;39: 3-17.

Bassil R, Casper RF, Meriano J, Smith R, Haas J, Mehta C, Orvieto R, Zilberberg E. Can Oocyte Diameter Predict Embryo Quality ? Reproductive
sciences (Thousand Oaks, Calif) 2021;28: 904-908.

Baxter Bendus AE, Mayer JF, Shipley SK, Catherino WH. Interobserver and intraobserver variation in day 3 embryo grading. Fertility and sterility
2006;86: 1608-1615.

Bellver J. BMI and miscarriage after IVF. Current opinion in obstetrics & gynecology 2022;34: 114-121.

Berntsen J, Rimestad J, Lassen JT, Tran D, Kragh MF. Robust and generalizable embryo selection based on artificial intelligence and time-lapse
image sequences. PloS one 2022;17: e0262661.

Berntsen S, Soderstrom-Anttila V, Wennerholm UB, Laivuori H, Loft A, Oldereid NB, Romundstad LB, Bergh C, Pinborg A. The health of children
conceived by ART: 'the chicken or the egg?'. Human reproduction update 2019;25: 137-158.

Bickendorf K, Qi F, Peirce K, Natalwala J, Chapple V, Liu Y. Spontaneous collapse as a prognostic marker for human blastocysts: a systematic
review and meta-analysis. Human reproduction (Oxford, England) 2023;38: 1891-1900.

Bodri D, Kato R, Kondo M, Hosomi N, Katsumata Y, Kawachiya S, Matsumoto T. Time-lapse monitoring of zona pellucida-free embryos obtained
through in vitro fertilization: a retrospective case series. Fertility and sterility 2015;103: e35.

Bodri D, Kawachiya S, Sugimoto T, Yao Serna J, Kato R, Matsumoto T. Time-lapse variables and embryo gender: a retrospective analysis of 81
live births obtained following minimal stimulation and single embryo transfer. Journal of assisted reproduction and genetics 2016;33: 589-596.
Bormann CL, Thirumalaraju P, Kanakasabapathy MK, Kandula H, Souter I, Dimitriadis |, Gupta R, Pooniwala R, Shafiee H. Consistency and
objectivity of automated embryo assessments using deep neural networks. Fertil Steril 2020;113: 781-787 e781.

Boucret L, Tramon L, Riou J, Ferré-L'Hotellier V, Bouet PE, May-Panloup P. Influence of Diminished Ovarian Reserve on Early Embryo
Morphokinetics during In Vitro Fertilization: A Time-Lapse Study. Journal of clinical medicine 2022;11.

Bourdon M, Pocate-Cheriet K, Finet de Bantel A, Grzegorczyk-Martin V, Amar Hoffet A, Arbo E, Poulain M, Santulli P. Day 5 versus Day 6
blastocyst transfers: a systematic review and meta-analysis of clinical outcomes. Human reproduction (Oxford, England) 2019;34: 1948-1964.
Bradley CK, Traversa MV, Hobson N, Gee AJ, McArthur SJ. Clinical use of monopronucleated zygotes following blastocyst culture and
preimplantation genetic screening, including verification of biparental chromosome inheritance. Reproductive biomedicine online 2017;34:
567-574.

Braga DP, Halpern G, Setti AS, Figueira RC, laconelli A, Jr., Borges E, Jr. The impact of food intake and social habits on embryo quality and the
likelihood of blastocyst formation. Reproductive biomedicine online 2015;31: 30-38.

Braga DP, Setti AS, Figueira Rde C, laconelli A, Jr., Borges E, Jr. The combination of pronuclear and blastocyst morphology: a strong prognostic
tool for implantation potential. Journal of assisted reproduction and genetics 2013;30: 1327-1332.

Braude P, Bolton V, Moore S. Human gene expression first occurs between the four- and eight-cell stages of preimplantation development.
Nature 1988;332: 459-461.

Bredbacka P, Capalbo A, Kananen K, Picchetta L, Tomas C. Healthy live birth following embryo transfer of a blastocyst of tetrapronuclear (4PN)
origin: a case report. Human reproduction (Oxford, England) 2023;38: 1700-1704.

Busnelli A, Dallagiovanna C, Reschini M, Paffoni A, Fedele L, Somigliana E. Risk factors for monozygotic twinning after in vitro fertilization: a
systematic review and meta-analysis. Fertility and sterility 2019;111: 302-317.

Cameron NJ, Bhattacharya S, McLernon DJ. Cumulative live birth rates following blastocyst- versus cleavage-stage embryo transfer in the first
complete cycle of IVF: a population-based retrospective cohort study. Human reproduction (Oxford, England) 2020;35: 2365-2374.

53



Campbell A, Cohen J, Ivani K, Morbeck D, Palmer G, Mortimer S. The in vitro fertilization laboratory: teamwork and teaming. Fertility and
sterility 2022a;117: 27-32.

Campbell A, Fishel S, Bowman N, Duffy S, Sedler M, Hickman CF. Modelling a risk classification of aneuploidy in human embryos using non-
invasive morphokinetics. Reprod Biomed Online 2013;26: 477-485.

Campbell AJ, Petersen Dr BM, Smith R, Barrie A. PREDICTION OF BLASTULATION, EMBRYO UTILISATION AND LIVE BIRTH FROM SINGLE
MORPHOLOGICAL OR MORPHOKINETIC VARIABLES: ANALYSIS OF 31,323 EMBRYOS GIVES INSIGHTS FOR SELECTION AND ALGORITHM
DEVELOPMENT. Fertility and sterility 2022b;118: e138.

Capalbo A, Rienzi L, Cimadomo D, Maggiulli R, Elliott T, Wright G, Nagy ZP, Ubaldi FM. Correlation between standard blastocyst morphology,
euploidy and implantation: an observational study in two centers involving 956 screened blastocysts. Hum Reprod 2014;29: 1173-1181.
Capalbo A, Treff N, Cimadomo D, Tao X, Ferrero S, Vaiarelli A, Colamaria S, Maggiulli R, Orlando G, Scarica C et al. Abnormally fertilized oocytes
can result in healthy live births: improved genetic technologies for preimplantation genetic testing can be used to rescue viable embryos inin
vitro fertilization cycles. Fertility and sterility 2017;108: 1007-1015.e1003.

Cauffman G, Verheyen G, Tournaye H, Van de Velde H. Developmental capacity and pregnancy rate of tetrahedral- versus non-tetrahedral-
shaped 4-cell stage human embryos. Journal of assisted reproduction and genetics 2014;31: 427-434.

Cavazza T, Takeda Y, Politi AZ, Aushev M, Aldag P, Baker C, Choudhary M, Bucevicius J, Lukinavicius G, Elder K et al. Parental genome unification
is highly error-prone in mammalian embryos. Cell 2021;184: 2860-2877.e2822.

Cecchele A, Cermisoni GC, Giacomini E, Pinna M, Vigano P. Cellular and Molecular Nature of Fragmentation of Human Embryos. International
journal of molecular sciences 2022;23.

Chamayou S, Alecci C, Ragolia C, Storaci G, Maglia E, Russo E, Guglielmino A. Comparison of in-vitro outcomes from cryopreserved oocytes
and sibling fresh oocytes. Reproductive biomedicine online 2006;12: 730-736.

Chatzimeletiou K, Morrison EE, Prapas N, Prapas Y, Handyside AH. Spindle abnormalities in normally developing and arrested human
preimplantation embryos in vitro identified by confocal laser scanning microscopy. Human reproduction (Oxford, England) 2005;20: 672-682.
Chavez-Badiola A, Flores-Saiffe-Farias A, Mendizabal-Ruiz G, Drakeley AJ, Cohen J. Embryo Ranking Intelligent Classification Algorithm (ERICA):
artificial intelligence clinical assistant predicting embryo ploidy and implantation. Reproductive biomedicine online 2020;41: 585-593.

Chavez SL, Loewke KE, Han J, Moussavi F, Colls P, Munne S, Behr B, Reijo Pera RA. Dynamic blastomere behaviour reflects human embryo
ploidy by the four-cell stage. Nature communications 2012;3: 1251.

ChenX, ZhangJ, Wu X, CaoS, Zhou L, Wang Y, Chen X, Lu J, Zhao C, Chen M et al. Trophectoderm morphology predicts outcomes of pregnancy
in vitrified-warmed single-blastocyst transfer cycle in a Chinese population. Journal of assisted reproduction and genetics 2014;31: 1475-1481.
Chen ZQ, Wang Y, Ng EHY, Zhao M, Pan JP, Wu HX, Teng XM. A randomized triple blind controlled trial comparing the live birth rate of IVF
following brief incubation versus standard incubation of gametes. Human reproduction (Oxford, England) 2019;34: 100-108.

Cimadomo D, Marconetto A, Trio S, Chiappetta V, Innocenti F, Albricci L, Erlich |, Ben-Meir A, Har-Vardi |, Kantor B et al. Human blastocyst
spontaneous collapse is associated with worse morphological quality and higher degeneration and aneuploidy rates: a comprehensive analysis
standardized through artificial intelligence. Human reproduction (Oxford, England) 2022a;37: 2291-2306.

Cimadomo D, Soscia D, Casciani V, Innocenti F, Trio S, Chiappetta V, Albricci L, Maggiulli R, Erlich I, Ben-Meir A et al. How slow is too slow? A
comprehensive portrait of Day 7 blastocysts and their clinical value standardized through artificial intelligence. Human reproduction (Oxford,
England) 2022b;37: 1134-1147.

Ciotti PM, Notarangelo L, Morselli-Labate AM, Felletti V, Porcu E, Venturoli S. First polar body morphology before ICSl is not related to embryo
quality or pregnancy rate. Human reproduction (Oxford, England) 2004;19: 2334-2339.

Ciray HN, Campbell A, Agerholm IE, Aguilar J, Chamayou S, Esbert M, Sayed S. Proposed guidelines on the nomenclature and annotation of
dynamic human embryo monitoring by a time-lapse user group. Human reproduction (Oxford, England) 2014;29: 2650-2660.

Cohen J, Levron J, Palermo GD, Munné S, Adler A, Alikani M, Schattman G, Sultan K, Willadsen S. Atypical activation and fertilization patterns
in humans. Theriogenology 1995;43: 129-140.

Coticchio G, Barrie A, Lagalla C, Borini A, Fishel S, Griffin D, Campbell A. Plasticity of the human preimplantation embryo: developmental
dogmas, variations on themes and self-correction. Human reproduction update 2021a;27: 848-865.

Coticchio G, Ezoe K, Lagalla C, Shimazaki K, Ohata K, Ninomiya M, Wakabayashi N, Okimura T, Uchiyama K, Kato K et al. Perturbations of
morphogenesis at the compaction stage affect blastocyst implantation and live birth rates. Human reproduction (Oxford, England) 2021b;36:
918-928.

Coticchio G, Ezoe K, Lagalla C, Zaca C, Borini A, Kato K. The destinies of human embryos reaching blastocyst stage between Day 4 and Day 7
diverge as early as fertilization. Human reproduction (Oxford, England) 2023,38: 1690-1699.

Coticchio G, Lagalla C, Sturmey R, Pennetta F, Borini A. The enigmatic morula: mechanisms of development, cell fate determination, self-
correction and implications for ART. Human reproduction update 2019;25: 422-438.

Coticchio G, Mignini Renzini M, Novara PV, Lain M, De Ponti E, Turchi D, Fadini R, Dal Canto M. Focused time-lapse analysis reveals novel
aspects of human fertilization and suggests new parameters of embryo viability. Human reproduction (Oxford, England) 2018;33: 23-31.
Cuevas Saiz |, Carme Pons Gatell M, Vargas MC, Delgado Mendive A, Rives Enedaguila N, Moragas Solanes M, Carrasco Canal B, Teruel Lopez
J, Busquets Bonet A, Hurtado de Mendoza Acosta MV. The Embryology Interest Group: updating ASEBIR's morphological scoring system for
early embryos, morulae and blastocysts. Medicina Reproductiva y Embriologia Clinica 2018;5: 42-54.

Currie CE, Ford E, Benham Whyte L, Taylor DM, Mihalas BP, Erent M, Marston AL, Hartshorne GM, McAinsh AD. The first mitotic division of
human embryos is highly error prone. Nature communications 2022;13: 6755.

Dal Canto M, Brambillasca F, Mignini Renzini M, Coticchio G, Merola M, Lain M, De Ponti E, Fadini R. Cumulus cell-oocyte complexes retrieved
from antral follicles in IVM cycles: relationship between COCs morphology, gonadotropin priming and clinical outcome. Journal of assisted
reproduction and genetics 2012a;29: 513-519.

Dal Canto M, Coticchio G, Mignini Renzini M, De Ponti E, Novara PV, Brambillasca F, Comi R, Fadini R. Cleavage kinetics analysis of human
embryos predicts development to blastocyst and implantation. Reproductive biomedicine online 2012b;25: 474-480.

Dal Canto M, Guglielmo MC, Mignini Renzini M, Fadini R, Moutier C, Merola M, De Ponti E, Coticchio G. Dysmorphic patterns are associated
with cytoskeletal alterations in human oocytes. Human reproduction (Oxford, England) 2017;32: 750-757.

Daya S, Kohut J, Gunby J, Younglai E. Influence of blood clots in the cumulus complex on oocyte fertilization and cleavage. Human reproduction
(Oxford, England) 1990;5: 744-746.

54



de Céssia SFR, de Almeida Ferreira Braga DP, Semido-Francisco L, Madaschi C, laconelli A, Jr., Borges E, Jr. Metaphase Il human oocyte
morphology: contributing factors and effects on fertilization potential and embryo developmental ability in ICSI cycles. Fertility and sterility
2010;94: 1115-1117.

De Croo |, De Sutter P, Tilleman K. A stepwise approach to move from a cleavage-stage to a blastocyst-stage transfer policy for all patients in
the IVF clinic. Human reproduction open 2020;2020: hoaa034.

De Geyter C, Wyns C, Calhaz-Jorge C, de Mouzon J, Ferraretti AP, Kupka M, Nyboe Andersen A, Nygren KG, Goossens V. 20 years of the
European IVF-monitoring Consortium registry: what have we learned? A comparison with registries from two other regions. Human
reproduction (Oxford, England) 2020;35: 2832-2849.

De los Santos MJ, Apter S, Coticchio G, Debrock S, Lundin K, Plancha CE, Prados F, Rienzi L, Verheyen G, Woodward B et al. Revised guidelines
for good practice in IVF laboratories (2015). Human reproduction (Oxford, England) 2016;31: 685-686.

de los Santos MJ, Arroyo G, Busquet A, Calderén G, Cuadros J, Hurtado de Mendoza MV, Moragas M, Herrer R, Ortiz A, Pons C et al. A
multicenter prospective study to assess the effect of early cleavage on embryo quality, implantation, and live-birth rate. Fertility and sterility
2014;101: 981-987.

De Munck N, Bayram A, Elkhatib I, Abdala A, El-Damen A, Arnanz A, Melado L, Lawrenz B, Fatemi HM. Marginal differences in preimplantation
morphokinetics between conventional IVF and ICSI in patients with preimplantation genetic testing for aneuploidy (PGT-A): A sibling oocyte
study. PloS one 2022;17: €0267241.

De Santis L, Cino I, Rabellotti E, Calzi F, Persico P, Borini A, Coticchio G. Polar body morphology and spindle imaging as predictors of oocyte
quality. Reproductive biomedicine online 2005;11: 36-42.

De Sutter P, Dozortsev D, Qian C, Dhont M. Oocyte morphology does not correlate with fertilization rate and embryo quality after
intracytoplasmic sperm injection. Human reproduction (Oxford, England) 1996;11: 595-597.

De Vos A, Van de Velde H, Joris H, Van Steirteghem A. In-vitro matured metaphase-I oocytes have a lower fertilization rate but similar embryo
quality as mature metaphase-Il oocytes after intracytoplasmic sperm injection. Human reproduction (Oxford, England) 1999;14: 1859-1863.
De Vos A, Van Landuyt L, Santos-Ribeiro S, Camus M, Van de Velde H, Tournaye H, Verheyen G. Cumulative live birth rates after fresh and
vitrified cleavage-stage versus blastocyst-stage embryo transfer in the first treatment cycle. Human reproduction (Oxford, England) 2016;31:
2442-2449.

Desai N, Gill P. Blastomere cleavage plane orientation and the tetrahedral formation are associated with increased probability of a good-
quality blastocyst for cryopreservation or transfer: a time-lapse study. Fertility and sterility 2019;111: 1159-1168.e1151.

Desai N, Goldberg JM, Austin C, Falcone T. Are cleavage anomalies, multinucleation, or specific cell cycle kinetics observed with time-lapse
imaging predictive of embryo developmental capacity or ploidy? Fertility and sterility 2018;109: 665-674.

Desai N, Ploskonka S, Goodman LR, Austin C, Goldberg J, Falcone T. Analysis of embryo morphokinetics, multinucleation and cleavage
anomalies using continuous time-lapse monitoring in blastocyst transfer cycles. Reproductive biology and endocrinology : RB&E 2014;12: 54.
Desch L, Bruno C, Luu M, Barberet J, Choux C, Lamotte M, Schmutz E, Sagot P, Faugue P. Embryo multinucleation at the two-cell stage is an
independent predictor of intracytoplasmic sperm injection outcomes. Fertility and sterility 2017;107: 97-103.e104.

Destouni A, Dimitriadou E, Masset H, Debrock S, Melotte C, Van Den Bogaert K, Zamani Esteki M, Ding J, Voet T, Denayer E et al. Genome-
wide haplotyping embryos developing from OPN and 1PN zygotes increases transferrable embryos in PGT-M. Human reproduction (Oxford,
England) 2018;33: 2302-2311.

Diakiw SM, Hall IMM, VerMilyea M, Lim AYX, Quangkananurug W, Chanchamroen S, Bankowski B, Stones R, Storr A, Miller A et al. An artificial
intelligence model correlated with morphological and genetic features of blastocyst quality improves ranking of viable embryos. Reprod
Biomed Online 2022;45: 1105-1117.

Dietrich JE, Freis A, Beedgen F, von Horn K, Holschbach V, Liebscher J, Strowitzki T, Germeyer A. Intraindividual Embryo Morphokinetics Are
Not Affected by a Switch of the Ovarian Stimulation Protocol Between GnRH Agonist vs. Antagonist Regimens in Consecutive Cycles. Frontiers
in endocrinology 2020;11: 246.

Dirican EK, Olgan S, Sakinci M, Caglar M. Blastocyst versus cleavage transfers: who benefits? Archives of gynecology and obstetrics 2022;305:
749-756.

Du QY, Wang EY, Huang Y, Guo XY, Xiong YJ, Yu YP, Yao GD, Shi SL, Sun YP. Blastocoele expansion degree predicts live birth after single
blastocyst transfer for fresh and vitrified/warmed single blastocyst transfer cycles. Fertility and sterility 2016;105: 910-919.e911.
DuT,WangV, FanY, ZhangS, Yan Z, Yu W, Xi Q, Chen Q, Mol BW, Lyu Q et al. Fertility and neonatal outcomes of embryos achieving blastulation
on Day 7: are they of clinical value? Human reproduction (Oxford, England) 2018;33: 1038-1051.

Eastick J, Venetis C, Cooke S, Chapman M. The presence of cytoplasmic strings in human blastocysts is associated with the probability of clinical
pregnancy with fetal heart. Journal of assisted reproduction and genetics 2021;38: 2139-2149.

Eastick J, Venetis C, Cooke S, Chapman M. Detailed analysis of cytoplasmic strings in human blastocysts: new insights. Zygote (Cambridge,
England) 2023;31: 78-84.

Ebner T, Hoggerl A, Oppelt P, Radler E, Enzelsberger SH, Mayer RB, Petek E, Shebl O. Time-lapse imaging provides further evidence that planar
arrangement of blastomeres is highly abnormal. Archives of gynecology and obstetrics 2017;296: 1199-1205.

Ebner T, Maurer M, Shebl O, Moser M, Mayer RB, Duba HC, Tews G. Planar embryos have poor prognosis in terms of blastocyst formation and
implantation. Reproductive biomedicine online 2012;25: 267-272.

Ebner T, Moser M, Shebl O, Sommergruber M, Gaiswinkler U, Tews G. Morphological analysis at compacting stage is a valuable prognostic
tool for ICSI patients. Reproductive biomedicine online 2009;18: 61-66.

Ebner T, Moser M, Shebl O, Sommergruber M, Yaman C, Tews G. Blood clots in the cumulus-oocyte complex predict poor oocyte quality and
post-fertilization development. Reproductive biomedicine online 2008a;16: 801-807.

Ebner T, Moser M, Shebl O, Sommerguber M, Tews G. Prognosis of oocytes showing aggregation of smooth endoplasmic reticulum.
Reproductive biomedicine online 2008b;16: 113-118.

Ebner T, Moser M, Sommergruber M, Gaiswinkler U, Shebl O, Jesacher K, Tews G. Occurrence and developmental consequences of vacuoles
throughout preimplantation development. Fertility and sterility 2005;83: 1635-1640.

Ebner T, Moser M, Sommergruber M, Gaiswinkler U, Wiesinger R, Puchner M, Tews G. Presence, but not type or degree of extension, of a
cytoplasmic halo has a significant influence on preimplantation development and implantation behaviour. Human reproduction (Oxford,
England) 2003;18: 2406-2412.

55



Ebner T, Moser M, Tews G. Is oocyte morphology prognostic of embryo developmental potential after ICSI? Reproductive biomedicine online
2006;12: 507-512.

Ebner T, Sesli O, Kresic S, Enengl S, Stoiber B, Reiter E, Oppelt P, Mayer RB, Shebl O. Time-lapse imaging of cytoplasmic strings at the blastocyst
stage suggests their association with spontaneous blastocoel collapse. Reproductive biomedicine online 2020;40: 191-199.

EbnerT, Shebl O, Moser M, Sommergruber M, Tews G. Developmental fate of ovoid oocytes. Human reproduction (Oxford, England) 2008c;23:
62-66.

Ebner T, Tritscher K, Mayer RB, Oppelt P, Duba HC, Maurer M, Schappacher-Tilp G, Petek E, Shebl O. Quantitative and qualitative
trophectoderm grading allows for prediction of live birth and gender. Journal of assisted reproduction and genetics 2016;33: 49-57.

Ebner T, Yaman C, Moser M, Sommergruber M, Feichtinger O, Tews G. Prognostic value of first polar body morphology on fertilization rate
and embryo quality in intracytoplasmic sperm injection. Human reproduction (Oxford, England) 2000;15: 427-430.

Ebner T, Yaman C, Moser M, Sommergruber M, Pélz W, Tews G. Embryo fragmentation in vitro and its impact on treatment and pregnancy
outcome. Fertility and sterility 2001,76: 281-285.

Edwards RG, Steptoe PC, Purdy JM. Establishing full-term human pregnancies using cleaving embryos grown in vitro. Br J Obstet Gynaecol
1980;87: 737-756.

Ergin EG, Caliskan E, Yalginkaya E, Oztel Z, Cokelez K, Ozay A, Ozérnek HM. Frequency of embryo multinucleation detected by time-lapse
system and its impact on pregnancy outcome. Fertility and sterility 2014;102: 1029-1033.e1021.

Escrich L, Galiana Y, Grau N, Insua F, Soler N, Pellicer A, Escriba MJ. Do immature and mature sibling oocytes recovered from stimulated cycles
have the same reproductive potential? Reproductive biomedicine online 2018;37: 667-676.

Esfandiari N, Burjag H, Gotlieb L, Casper RF. Brown oocytes: implications for assisted reproductive technology. Fertility and sterility 2006;86:
1522-1525.

ESHRE Guideline: number of embryos to transfer during IVF/ICSI. 2024.

ESHRE PGT Consortium and SIG Embryology good practice recommendations for polar body and embryo biopsy for PGT. Human reproduction
open 2020;2020: hoaa020.

Ezoe K, Coticchio G, Takenouchi H, Taoda S, Namerikawa S, Honda K, Miki T, Okimura T, Kobayashi T, Borini A et al. Spatiotemporal
perturbations of pronuclear breakdown preceding syngamy affect early human embryo development: a retrospective observational study.
Journal of assisted reproduction and genetics 2022a;39: 75-84.

Ezoe K, Hickman C, Miki T, Okimura T, Uchiyama K, Yabuuchi A, Kobayashi T, Coticchio G, Kato K. Cytoplasmic halo characteristics during
fertilization and their implications for human preimplantation embryo development and pregnancy outcome. Reproductive biomedicine online
2020;41: 191-202.

Ezoe K, Miki T, Akaike H, Shimazaki K, Takahashi T, Tanimura Y, Amagai A, Sawado A, Mogi M, Kaneko S et al. Maternal age affects pronuclear
and chromatin dynamics, morula compaction and cell polarity, and blastulation of human embryos. Human reproduction (Oxford, England)
2023;38:387-399.

Ezoe K, Shimazaki K, Miki T, Takahashi T, Tanimura Y, Amagai A, Sawado A, Akaike H, Mogi M, Kaneko S et al. Association between a deep
learning-based scoring system with morphokinetics and morphological alterations in human embryos. Reproductive biomedicine online
2022b;45: 1124-1132.

Ezoe K, Takahashi T, Shimazaki K, Miki T, Tanimura Y, Amagai A, Sawado A, Akaike H, Mogi M, Kaneko S et al. Human 1PN and 3PN zygotes
recapitulate all morphokinetic events of normal fertilization but reveal novel developmental errors. Human reproduction (Oxford, England)
2022c¢;37:2307-2319.

Fabozzi G, Alteri A, Rega E, Starita MF, Piscitelli C, Giannini P, Colicchia A. Morphological assessment on day 4 and its prognostic power in
selecting viable embryos for transfer. Zygote (Cambridge, England) 2016;24: 477-484.

Fancsovits P, Murber A, Gilan ZT, Rigd J, Jr., Urbancsek J. Human oocytes containing large cytoplasmic vacuoles can result in pregnancy and
viable offspring. Reproductive biomedicine online 2011;23: 513-516.

Fancsovits P, Téthné ZG, Murber A, Takécs FZ, Papp Z, Urbancsek J. Correlation between first polar body morphology and further embryo
development. Acta biologica Hungarica 2006;57: 331-338.

Fang T, Yu W, Ou S, Lu J, Li R, Zhao M, Chan YL, Wang W. The impact of oocytes containing smooth endoplasmic reticulum aggregates on
assisted reproductive outcomes: a cohort study. BMC pregnancy and childbirth 2022;22: 838.

Faramarzi A, Khalili MA, Ashourzadeh S. Oocyte morphology and embryo morphokinetics in an intra-cytoplasmic sperm injection programme.
Is there a relationship? Zygote (Cambridge, England) 2017;25: 190-196.

Faramarzi A, Khalili MA, Ashourzadeh S, Palmerini MG. Does rescue in vitro maturation of germinal vesicle stage oocytes impair embryo
morphokinetics development? Zygote (Cambridge, England) 2018;26: 430-434.

Faramarzi A, Khalili MA, Omidi M. Morphometric analysis of human oocytes using time lapse: does it predict embryo developmental
outcomes? Human fertility (Cambridge, England) 2019;22: 171-176.

Farhi J, Nahum H, Weissman A, Zahalka N, Glezerman M, Levran D. Coarse granulation in the perivitelline space and IVF-ICSI outcome. Journal
of assisted reproduction and genetics 2002;19: 545-549.

Feil D, Henshaw RC, Lane M. Day 4 embryo selection is equal to Day 5 using a new embryo scoring system validated in single em bryo transfers.
Human reproduction (Oxford, England) 2008;23: 1505-1510.

Ferrarini Zanetti B, Paes de Almeida Ferreira Braga D, Souza Setti A, de Cassia Savio Figueira R, laconelli A, Jr., Borges E, Jr. Is perivitelline space
morphology of the oocyte associated with pregnancy outcome in intracytoplasmic sperm injection cycles? European journal of obstetrics,
gynecology, and reproductive biology 2018;231: 225-229.

Fishel S, Campbell A, Foad F, Davies L, Best L, Davis N, Smith R, Duffy S, Wheat S, Montgomery S et al. Evolution of embryo selection for IVF
from subjective morphology assessment to objective time-lapse algorithms improves chance of live birth. Reproductive biomedicine online
2020;40: 61-70.

Fishel S, Campbell A, Montgomery S, Smith R, Nice L, Duffy S, Jenner L, Berrisford K, Kellam L, Smith R et al. Time-lapse imaging algorithms
rank human preimplantation embryos according to the probability of live birth. Reproductive biomedicine online 2018;37: 304-313.

Fitz VW, Kanakasabapathy MK, Thirumalaraju P, Kandula H, Ramirez LB, Boehnlein L, Swain JE, Curchoe CL, James K, Dimitriadis | et al. Should
there be an "Al" in TEAM? Embryologists selection of high implantation potential embryos improves with the aid of an artificial intelligence
algorithm. J Assist Reprod Genet 2021;38: 2663-2670.

56



Forman EJ, Upham KM, Cheng M, Zhao T, Hong KH, Treff NR, Scott RT, Jr. Comprehensive chromosome screening alters traditional
morphology-based embryo selection: a prospective study of 100 consecutive cycles of planned fresh euploid blastocyst transfer. Fertil Steril
2013;100: 718-724.

Fouks Y, Yogev Y. Twinning in ART: Single embryo transfer policy. Best practice & research Clinical obstetrics & gynaecology 2022;84: 88-95.
Fu L, Chen S, Wang M, Huang G, Wang F, Lan Y, Liu S, Jiang X. Live birth from a blastocyst derived from a conjoined oocyte in a frozen embryo
transfer cycle: a case report and a literature review. Journal of assisted reproduction and genetics 2022a;39: 1351-1357.

Fu L, Chu D, Zhou W, Li Y. Strictly selected Mono- and non-pronuclear blastocysts could result in appreciable clinical outcomes in IVF cycles.
Human fertility (Cambridge, England) 2022b;25: 470-477.

Fu L, Zhou W, Li Y. Development and frozen-thawed transfer of non-pronuclear zygotes-derived embryos in IVF cycles. European journal of
obstetrics, gynecology, and reproductive biology 2021;264: 206-211.

Gardner DK. The impact of physiological oxygen during culture, and vitrification for cryopreservation, on the outcome of extended culture in
human IVF. Reproductive biomedicine online 2016;32: 137-141.

Gardner DK, Balaban B. Assessment of human embryo development using morphological criteria in an era of time-lapse, algorithms and
'OMICS'": is looking good still important? Molecular human reproduction 2016;22: 704-718.

Gardner DK, Kelley RL. Impact of the IVF laboratory environment on human preimplantation embryo phenotype. Journal of developmental
origins of health and disease 2017;8: 418-435.

Gardner DK, Lane M. Alleviation of the '2-cell block' and development to the blastocyst of CF1 mouse embryos: role of amino acids, EDTA and
physical parameters. Human reproduction (Oxford, England) 1996;11: 2703-2712.

Gardner DK, Lane M. Culture and selection of viable blastocysts: a feasible proposition for human IVF? Human reproduction update 1997;3:
367-382.

Gardner DK, Lane M. Culture systems for the human embryo Textbook of assisted reproductive techniques. 2017. CRC Press, pp. 242-266.
Gardner DK, Sakkas D. Making and selecting the best embryo in the laboratory. Fertility and sterility 2023;120: 457-466.

Gardner DK, Schoolcraft WB. In-vitro culture of human blastocysts. In Towards Reproductive Certainty: Fertility and Genetics Beyond 1999.
Eds. R Jansen and D Mortimer. 1999: 378-388.

Ghosh J, Coutifaris C, Sapienza C, Mainigi M. Global DNA methylation levels are altered by modifiable clinical manipulations in assisted
reproductive technologies. Clinical epigenetics 2017;9: 14.

Giorgetti C, Terriou P, Auquier P, Hans E, Spach JL, Salzmann J, Roulier R. Embryo score to predict implantation after in-vitro fertilization: based
on 957 single embryo transfers. Human reproduction (Oxford, England) 1995;10: 2427-2431.

Good practice recommendations for the use of time-lapse technology(T). Human reproduction open 2020;2020: hoaa008.

Goodman LR, Goldberg J, Falcone T, Austin C, Desai N. Does the addition of time-lapse morphokinetics in the selection of embryos for transfer
improve pregnancy rates? A randomized controlled trial. Fertility and sterility 2016;105: 275-285.e210.

Grgndahl ML, Christiansen SL, Kesmodel US, Agerholm IE, Lemmen JG, Lundstrem P, Bogstad J, Raaschou-Jensen M, Ladelund S. Effect of
women's age on embryo morphology, cleavage rate and competence-A multicenter cohort study. PloS one 2017;12: e0172456.

Gurunath S, Biliangady R, Sundhararaj UM, Gangadharswamy A, Gundlapalli S, Reddy GMM. Live Birth Rates in In vitro Fertilization Cycles with
Oocytes Containing Smooth Endoplasmic Reticulum Aggregates and Normal Oocytes. Journal of human reproductive sciences 2019;12: 156-
163.

Hammond ER, Foong AKM, Rosli N, Morbeck DE. Should we freeze it? Agreement on fate of borderline blastocysts is poor and does not
improve with a modified blastocyst grading system. Human reproduction (Oxford, England) 2020;35: 1045-1053.

Harbottle S, Hughes C, Cutting R, Roberts S, Brison D. Elective Single Embryo Transfer: an update to UK Best Practice Guidelines. Human fertility
(Cambridge, England) 2015;18: 165-183.

Hardarson T, Hanson C, Sjogren A, Lundin K. Human embryos with unevenly sized blastomeres have lower pregnancy and implantation rates:
indications for aneuploidy and multinucleation. Human reproduction (Oxford, England) 2001;16: 313-318.

Hassan-Ali H, Hisham-Saleh A, El-Gezeiry D, Baghdady I, Ismaeil I, Mandelbaum J. Perivitelline space granularity: a sign of human menopausal
gonadotrophin overdose in intracytoplasmic sperm injection. Human reproduction (Oxford, England) 1998;13: 3425-3430.

Hattori H, Nakamura Y, Nakajo Y, Araki Y, Kyono K. Deliveries of babies with normal health derived from oocytes with smooth endoplasmic
reticulum clusters. Journal of assisted reproduction and genetics 2014;31: 1461-1467.

Herrero J, Tejera A, Albert C, Vidal C, de los Santos MJ, Meseguer M. A time to look back: analysis of morphokinetic characteristics of human
embryo development. Fertility and sterility 2013,;100: 1602-1609.e1601-1604.

Hill MJ, Richter KS, Heitmann RJ, Graham JR, Tucker MJ, DeCherney AH, Browne PE, Levens ED. Trophectoderm grade predicts outcomes of
single-blastocyst transfers. Fertility and sterility 2013;99: 1283-1289.e1281.

Hoek J, Schoenmakers S, van Duijn L, Willemsen SP, van Marion ES, Laven JSE, Baart EB, Steegers-Theunissen RPM. A higher preconceptional
paternal body mass index influences fertilization rate and preimplantation embryo development. Andrology 2022;10: 486-494.

Holte J, Berglund L, Milton K, Garello C, Gennarelli G, Revelli A, Bergh T. Construction of an evidence-based integrated morphology cleavage
embryo score for implantation potential of embryos scored and transferred on day 2 after oocyte retrieval. Human reproduction (Oxford,
England) 2007;22: 548-557.

Hondo S, Arichi A, Muramatsu H, Omura N, Ito K, Komine H, Monzen S, Mukai N, Endo M, Katase S et al. Clinical outcomes of transfer of frozen
and thawed single blastocysts derived from nonpronuclear and monopronuclear zygotes. Reproductive medicine and biology 2019;18: 278-
283.

Honnma H, Baba T, Sasaki M, Hashiba Y, Ohno H, Fukunaga T, Endo T, Saito T, Asada Y. Trophectoderm morphology significantly affects the
rates of ongoing pregnancy and miscarriage in frozen-thawed single-blastocyst transfer cycle in vitro fertilization. Fertility and sterility 2012;98:
361-367.

Hori K, Hori K, Kosasa T, Walker B, Ohta A, Ahn HJ, Huang TTF. Comparison of euploid blastocyst expansion with subgroups of single
chromosome, multiple chromosome, and segmental aneuploids using an Al platform from donor egg embryos. J Assist Reprod Genet 2023.
Huang TT, Huang DH, Ahn HJ, Arnett C, Huang CT. Early blastocyst expansion in euploid and aneuploid human embryos: evidence for a non-
invasive and quantitative marker for embryo selection. Reproductive biomedicine online 2019;39: 27-39.

Huang TTF, Kosasa T, Walker B, Arnett C, Huang CTF, Yin C, Harun Y, Ahn HJ, Ohta A. Deep learning neural network analysis of human blastocyst
expansion from time-lapse image files. Reprod Biomed Online 2021;42: 1075-1085.

57



Hung TY, Lee RK, Hwu YM, Lin MH, Li RS, Weng YW. Early blastulation of day 4 embryo correlates with the increased euploid rate of
preimplantation genetic screening cycles. Taiwanese journal of obstetrics & gynecology 2018;57: 858-861.

Hur C, Nanavaty V, Yao M, Desai N. The presence of partial compaction patterns is associated with lower rates of blastocyst formation, sub-
optimal morphokinetic parameters and poorer morphologic grade. Reproductive biology and endocrinology : RB&E 2023;21: 12.

Hviid KVR, Malchau SS, Pinborg A, Nielsen HS. Determinants of monozygotic twinning in ART: a systematic review and a meta-analysis. Human
reproduction update 2018;24: 468-483.

Inoue T, Taguchi S, Uemura M, Tsujimoto Y, Kokunai K, Ikawa K, Yamashita Y. The migration speed of nucleolar precursor bodies in pronuclei
affects in vitro fertilization-derived human embryo ploidy status and live birth. Reproductive medicine and biology 2023;22: e12497.

Inoue T, Taguchi S, Uemura M, Tsujimoto Y, Miyazaki K, Yamashita Y. Migration speed of nucleolus precursor bodies in human male pronuclei:
a novel parameter for predicting live birth. Journal of assisted reproduction and genetics 2021;38: 1725-1736.

Irani M, Reichman D, Robles A, Melnick A, Davis O, Zaninovic N, Xu K, Rosenwaks Z. Morphologic grading of euploid blastocysts influences
implantation and ongoing pregnancy rates. Fertility and sterility 2017;107: 664-670.

Istanbul consensus workshop on embryo assessment: proceedings of an expert meeting. Reproductive biomedicine online 2011;22: 632-646.
Itoi F, Asano Y, Shimizu M, Honnma H, Murata Y. Birth of nine normal healthy babies following transfer of blastocysts derived from human
single-pronucleate zygotes. Journal of assisted reproduction and genetics 2015;32: 1401-1407.

Itoi F, Asano Y, Shimizu M, Nagai R, Saitou K, Honnma H, Murata Y. Clinical outcomes after IVF or ICSI using human blastocysts derived from
oocytes containing aggregates of smooth endoplasmic reticulum. Reproductive biomedicine online 2017;34: 337-344.

Ilvec M, Kovacic B, Vlaisavljevic V. Prediction of human blastocyst development from morulas with delayed and/or incomplete compaction.
Fertility and sterility 2011,96: 1473-1478.e1472.

Iwata K, Yumoto K, Sugishima M, Mizoguchi C, Kai Y, Iba Y, Mio Y. Analysis of compaction initiation in human embryos by using time-lapse
cinematography. Journal of assisted reproduction and genetics 2014;31: 421-426.

Jackson KV, Ginsburg ES, Hornstein MD, Rein MS, Clarke RN. Multinucleation in normally fertilized embryos is associated with an accelerated
ovulation induction response and lower implantation and pregnancy rates in in vitro fertilization-embryo transfer cycles. Fertility and sterility
1998;70: 60-66.

JiM, Wang X, Wu W, Guan Y, Liu J, Wang J, Liu W, Shen C. ART manipulation after controlled ovarian stimulation may not increase the risk of
abnormal expression and DNA methylation at some CpG sites of H19,IGF2 and SNRPN in foetuses: a pilot study. Reproductive biology and
endocrinology : RB&E 2018;16: 63.

Johansson M, Hardarson T, Lundin K. There is a cutoff limit in diameter between a blastomere and a small anucleate fragment. Journal of
assisted reproduction and genetics 2003;20: 309-313.

Joo K, Nemes A, Dudas B, Berkes-Bara E, Murber A, Urbancsek J, Fancsovits P. The importance of cytoplasmic strings during early human
embryonic development. Frontiers in cell and developmental biology 2023;11: 1177279.

Kadam N, Woodhead G, Kellam L, Campbell A, Jayaprakasan K. Odds and Predictors of Monozygotic Twinning in a Multicentre Cohort of 25,794
IVF Cycles. Journal of clinical medicine 2023;12.

Kahraman S, Yakin K, Dénmez E, Samli H, Bahgce M, Cengiz G, Sertyel S, Samli M, Imirzalioglu N. Relationship between granular cytoplasm of
oocytes and pregnancy outcome following intracytoplasmic sperm injection. Human reproduction (Oxford, England) 2000;15: 2390-2393.
KaiY, lwata K, Iba Y, Mio Y. Diagnosis of abnormal human fertilization status based on pronuclear origin and/or centrosome number. Journal
of assisted reproduction and genetics 2015;32: 1589-1595.

Kai Y, Moriwaki H, Yumoto K, Iwata K, Mio Y. Assessment of developmental potential of human single pronucleated zygotes derived from
conventional in vitro fertilization. Journal of assisted reproduction and genetics 2018;35: 1377-1384.

Kato K, Ueno S, Berntsen J, Kragh MF, Okimura T, Kuroda T. Does embryo categorization by existing artificial intelligence, morphokinetic or
morphological embryo selection models correlate with blastocyst euploidy rates? Reproductive biomedicine online 2023;46: 274-281.
Kemper JM, Liu Y, Afnan M, Mol BWJ, Morbeck DE. What happens to abnormally fertilized embryos? A scoping review. Reproductive
biomedicine online 2023;46: 802-807.

Khosravi P, Kazemi E, Zhan Q, Malmsten JE, Toschi M, Zisimopoulos P, Sigaras A, Lavery S, Cooper LAD, Hickman C et al. Deep learning enables
robust assessment and selection of human blastocysts after in vitro fertilization. NPJ digital medicine 2019;2: 21.

Kieslinger DC, Vergouw CG, Ramos L, Arends B, Curfs M, Slappendel E, Kostelijk EH, Pieters M, Consten D, Verhoeven MO et al. Clinical
outcomes of uninterrupted embryo culture with or without time-lapse-based embryo selection versus interrupted standard culture
(SelecTIMO): a three-armed, multicentre, double-blind, randomised controlled trial. Lancet (London, England) 2023;401: 1438-1446.
Kirkegaard K, Hindkjaer JJ, Ingerslev HJ. Effect of oxygen concentration on human embryo development evaluated by time-lapse monitoring.
Fertility and sterility 2013,99: 738-744.e734.

Kirkegaard K, Sundvall L, Erlandsen M, Hindkjaer JJ, Knudsen UB, Ingerslev HJ. Timing of human preimplantation embryonic development is
confounded by embryo origin. Human reproduction (Oxford, England) 2016;31: 324-331.

Kitasaka H, Konuma Y, Tokoro M, Fukunaga N, Asada Y. Oocyte cytoplasmic diameter of 2130 um can be used to determine human giant
oocytes. F&S science 2022;3: 10-17.

Kligman I, Benadiva C, Alikani M, Munne S. The presence of multinucleated blastomeres in human embryos is correlated with chromosomal
abnormalities. Human reproduction (Oxford, England) 1996;11: 1492-1498.

Kljajic M, Saymé N, Krebs T, Wagenpfeil G, Baus S, Solomayer EF, Kasoha M. Zygote Diameter and Total Cytoplasmic Volume as Useful
Predictive Tools of Blastocyst Quality. Geburtshilfe und Frauenheilkunde 2023;83: 97-105.

Knez J, Kovaci¢ B, Vlaisavljevi¢ V. Comparison of embryo transfer strategies and assisted reproduction outcome in Slovenian and cross-border
patients. Reproductive biomedicine online 2013;27: 310-315.

Kong X, Yang S, Gong F, Lu C, Zhang S, Lu G, Lin G. The Relationship between Cell Number, Division Behavior and Developmental Potential of
Cleavage Stage Human Embryos: A Time-Lapse Study. PloS one 2016;11: e0153697.

Kovacic¢ B. Culture systems: low-oxygen culture. Methods in molecular biology (Clifton, NJ) 2012;912: 249-272.

Kovacic¢ B. Incubators for Embryo Culture. In Ahlstrém A and Lundin K (eds) Manual of Embryo Culture in Human Assisted Reproduction. 2021.
Cambridge University Press, Cambridge, pp. 7-19.

Kovacic B, Vlaisavljevic V, Reljic M, Cizek-Sajko M. Developmental capacity of different morphological types of day 5 human morulae and
blastocysts. Reproductive biomedicine online 2004;8: 687-694.

58



Kramer YG, Kofinas JD, Melzer K, Noyes N, McCaffrey C, Buldo-Licciardi J, McCulloh DH, Grifo JA. Assessing morphokinetic parameters via time
lapse microscopy (TLM) to predict euploidy: are aneuploidy risk classification models universal? J Assist Reprod Genet 2014;31: 1231-1242.
Kroener LL, Ambartsumyan G, Pisarska MD, Briton-Jones C, Surrey M, Hill D. Increased blastomere number in cleavage-stage embryos is
associated with higher aneuploidy. Fertility and sterility 2015;103: 694-698.

La Sala GB, Nicoli A, Villani MT, Di Girolamo R, Capodanno F, Blickstein I. The effect of selecting oocytes for insemination and transferring all
resultant embryos without selection on outcomes of assisted reproduction. Fertility and sterility 2009;91: 96-100.

Lagalla C, Coticchio G, Sciajno R, Tarozzi N, Zaca C, Borini A. Alternative patterns of partial embryo compaction: prevalence, morphokinetic
history and possible implications. Reproductive biomedicine online 2020;40: 347-354.

Lagalla C, Tarozzi N, Sciajno R, Wells D, Di Santo M, Nadalini M, Distratis V, Borini A. Embryos with morphokinetic abnormalities may develop
into euploid blastocysts. Reproductive biomedicine online 2017;34: 137-146.

Lane SL, Reed L, Schoolcraft WB, Katz-Jaffe MG. Euploid day 7 blastocysts of infertility patients with only slow embryo development have
reduced implantation potential. Reproductive biomedicine online 2022;44: 858-865.

Le Cruguel S, Ferré-L'Hotellier V, Moriniére C, Lemerle S, Reynier P, Descamps P, May-Panloup P. Early compaction at day 3 may be a useful
additional criterion for embryo transfer. Journal of assisted reproduction and genetics 2013;30: 683-690.

Lebovitz O, Michaeli M, Aslih N, Poltov D, Estrada D, Atzmon Y, Shalom-Paz E. Embryonic Development in Relation to Maternal Age and
Conception Probability. Reproductive sciences (Thousand Oaks, Calif) 2021;28: 2292-2300.

Lehner A, Kaszas Z, Murber A, Rigo J, Jr., Urbancsek J, Fancsovits P. Giant oocytes in human in vitro fertilization treatments. Archives of
gynecology and obstetrics 2015;292: 697-703.

Li M, Dang Y, Wang Y, Li J, Liu P. Value of transferring embryos derived from monopronucleated (1PN) zygotes at the time of fertilization
assessment. Zygote (Cambridge, England) 2020;28: 241-246.

Li M, Huang J, Zhuang X, Lin S, Dang Y, Wang V, Liu D, Li R, Liu P, Qiao J. Obstetric and neonatal outcomes after the transfer of vitrified-warmed
blastocysts developing from nonpronuclear and monopronuclear zygotes: a retrospective cohort study. Fertility and sterility 2021;115: 110-
117.

Licciardi F, McCaffrey C, Oh C, Schmidt-Sarosi C, McCulloh DH. Birth weight is associated with inner cell mass grade of blastocysts. Fertility and
sterility 2015;103: 382-387.e382.

Lin YC, Chang SY, Lan KC, Huang HW, Chang CY, Tsai MY, Kung FT, Huang FJ. Human oocyte maturity in vivo determines the outcome of
blastocyst development in vitro. Journal of assisted reproduction and genetics 2003;20: 506-512.

Liu J, Wang XL, Zhang X, Shen CY, Zhang Z. Live births resulting from OPN-derived embryos in conventional IVF cycles. Journal of assisted
reproduction and genetics 2016;33: 373-378.

Liu Y, Chapple V, Roberts P, Ali J, Matson P. Time-lapse videography of human oocytes following intracytoplasmic sperm injection: events up
to the first cleavage division. Reproductive biology 2014;14: 249-256.

Liu Z, Jiang M, He L, Liu Y. Cell number considerations for blastocyst transfer in younger patients. Journal of assisted reproduction and genetics
2020;37:619-627.

Loutradis D, Drakakis P, Kallianidis K, Milingos S, Dendrinos S, Michalas S. Oocyte morphology correlates with embryo quality and pregnancy
rate after intracytoplasmic sperm injection. Fertility and sterility 1999;72: 240-244.

Lundin K, Ahlstrém A. Quality control and standardization of embryo morphology scoring and viability markers. Reproductive biomedicine
online 2015;31: 459-471.

Lundin K, Bergh C, Hardarson T. Early embryo cleavage is a strong indicator of embryo quality in human IVF. Human reproduction (Oxford,
England) 2001;16: 2652-2657.

Ma BX, Yang L, Tian Y, Jin L, Huang B. Cytoplasmic strings between ICM and mTE are a positive predictor of clinical pregnancy and live birth
outcomes: A time-lapse study. Frontiers in medicine 2022;9: 934327.

Machtinger R, Politch JA, Hornstein MD, Ginsburg ES, Racowsky C. A giant oocyte in a cohort of retrieved oocytes: does it have any effect on
the in vitro fertilization cycle outcome? Fertility and sterility 2011;95: 573-576.

Machtinger R, Racowsky C. Morphological systems of human embryo assessment and clinical evidence. Reproductive biomedicine online
2013;26: 210-221.

Magdi Y. Dizygotic twin from conjoined oocytes: a case report. Journal of assisted reproduction and genetics 2020;37: 1367-1370.

Marconi N, Raja EA, Bhattacharya S, Maheshwari A. Perinatal outcomes in singleton live births after blastocyst transfer: an analysis of 60,926
in vitro fertilization cycles from the United Kingdom. Fertility and sterility 2023;120: 312-320.

Marcos J, Pérez-Albala S, Mifsud A, Molla M, Landeras J, Meseguer M. Collapse of blastocysts is strongly related to lower implantation success:
a time-lapse study. Human reproduction (Oxford, England) 2015;30: 2501-2508.

Margalit T, Ben-Haroush A, Garor R, Kotler N, Shefer D, Krasilnikov N, Tzabari M, Oron G, Shufaro Y, Sapir O. Morphokinetic characteristics of
embryos derived from in-vitro-matured oocytes and their in-vivo-matured siblings after ovarian stimulation. Reproductive biomedicine online
2019;38: 7-11.

The Maribor consensus: report of an expert meeting on the development of performance indicators for clinical practice in ART. Human
reproduction open 2021;2021: hoab022.

Martinez-Granados L, Serrano M, Gonzalez-Utor A, Ortiz N, Badajoz V, Olaya E, Prados N, Boada M, Castilla JA. Inter-laboratory agreement on
embryo classification and clinical decision: Conventional morphological assessment vs. time lapse. PloS one 2017;12: e0183328.

Martins WP, Nastri CO, Rienzi L, van der Poel SZ, Gracia CR, Racowsky C. Obstetrical and perinatal outcomes following blastocyst transfer
compared to cleavage transfer: a systematic review and meta-analysis. Human reproduction (Oxford, England) 2016;31: 2561-2569.
Massarotti C, Stigliani S, Ramone A, Bovis F, Sozzi F, Remorgida V, Cagnacci A, Anserini P, Scaruffi P. Occurrence of smooth endoplasmic
reticulum aggregates in metaphase Il oocytes: relationship with stimulation protocols and outcome of ICSI and IVF cycles. Human reproduction
(Oxford, England) 2021;36: 907-917.

Mateizel I, Van Landuyt L, Tournaye H, Verheyen G. Deliveries of normal healthy babies from embryos originating from oocytes showing the
presence of smooth endoplasmic reticulum aggregates. Human reproduction (Oxford, England) 2013;28:2111-2117.

Mayer RB, Shebl O, Oppelt P, Reiter E, Altmann R, Enengl S, Allerstorfer C, Ebner T. Good-quality blastocysts derived from vacuolized morulas
show reduced viability. Fertility and sterility 2018;109: 1025-1029.

Meseguer M, Herrero J, Tejera A, Hilligsge KM, Ramsing NB, Remohi J. The use of morphokinetics as a predictor of embryo impla ntation.
Human reproduction (Oxford, England) 2011;26: 2658-2671.

59



Meseguer M, Rubio |, Cruz M, Basile N, Marcos J, Requena A. Embryo incubation and selection in a time-lapse monitoring system improves
pregnancy outcome compared with a standard incubator: a retrospective cohort study. Fertility and sterility 2012;98: 1481-1489.e1410.
Milewski R, Ku¢ P, Kuczyriska A, Stankiewicz B, tukaszuk K, Kuczyriski W. A predictive model for blastocyst formation based on morphokinetic
parameters in time-lapse monitoring of embryo development. Journal of assisted reproduction and genetics 2015;32: 571-579.

Minasi MG, Colasante A, Riccio T, Ruberti A, Casciani V, Scarselli F, Spinella F, Fiorentino F, Varricchio MT, Greco E. Correlation between
aneuploidy, standard morphology evaluation and morphokinetic development in 1730 biopsied blastocysts: a consecutive case series study.
Human reproduction (Oxford, England) 2016;31: 2245-2254.

Mio Y, Maeda K. Time-lapse cinematography of dynamic changes occurring during in vitro development of human embryos. American journal
of obstetrics and gynecology 2008;199: 660.e661-665.

Mizobe Y, Kuwatsuru Y, Kuroki Y, Fukumoto Y, Tokudome M, Moewaki H, Tabira M, Iwakawa T, Takeuchi K. Smooth endoplasmic reticulum
cluster presence does not affect embryo ploidy. Archives of gynecology and obstetrics 2023;307: 1607-1612.

Montag M, Liebenthron J, Késter M. Which morphological scoring system is relevant in human embryo development? Placenta 2011;32 Suppl
3:5252-256.

Moon JH, Zhao Q, Zhang J, Reddy V, Han J, Cheng Y, Zhang N, Dasig J, Nel-Themaat L, Behr B et al. The developmental competence of human
metaphase | oocytes with delayed maturation in vitro. Fertility and sterility 2023;119: 690-696.

Motato Y, de los Santos MJ, Escriba MJ, Ruiz BA, Remohi J, Meseguer M. Morphokinetic analysis and embryonic prediction for blastocyst
formation through an integrated time-lapse system. Fertility and sterility 2016;105: 376-384.e379.

Multiple gestation associated with infertility therapy: an American Society for Reproductive Medicine Practice Committee opinion. Fertility
and sterility 2012;97: 825-834.

Mumusoglu S, Yarali |, Bozdag G, Ozdemir P, Polat M, Sokmensuer LK, Yarali H. Time-lapse morphokinetic assessment has low to moderate
ability to predict euploidy when patient- and ovarian stimulation-related factors are taken into account with the use of clustered data analysis.
Fertility and sterility 2017;107: 413-421.e414.

Munné S, Alikani M, Tomkin G, Grifo J, Cohen J. Embryo morphology, developmental rates, and maternal age are correlated with chromosome
abnormalities. Fertility and sterility 1995;64: 382-391.

Munné S, Sandalinas M, Magli C, Gianaroli L, Cohen J, Warburton D. Increased rate of aneuploid embryos in young women with previous
aneuploid conceptions. Prenatal diagnosis 2004;24: 638-643.

Mutia K, Wiweko B, Iffanolida PA, Febri RR, Muna N, Riayati O, Jasirwan SO, Yuningsih T, Mansyur E, Hestiantoro A. The Frequency of
Chromosomal Euploidy Among 3PN Embryos. Journal of reproduction & infertility 2019;20: 127-131.

Nagy ZP, Janssenswillen C, Janssens R, De Vos A, Staessen C, Van de Velde H, Van Steirteghem AC. Timing of oocyte activation, pronucleus
formation and cleavage in humans after intracytoplasmic sperm injection (ICSI) with testicular spermatozoa and after ICSI or in-vitro
fertilization on sibling oocytes with ejaculated spermatozoa. Human reproduction (Oxford, England) 1998;13: 1606-1612.

Navarro PA, de Aradjo MM, de Araljo CM, Rocha M, dos Reis R, Martins W. Relationship between first polar body morphology before
intracytoplasmic sperm injection and fertilization rate, cleavage rate, and embryo quality. International journal of gynaecology and obstetrics:
the official organ of the International Federation of Gynaecology and Obstetrics 2009;104: 226-229.

Nazem TG, Sekhon L, Lee JA, Overbey J, Pan S, Duke M, Briton-Jones C, Whitehouse M, Copperman AB, Stein DE. The correlation between
morphology and implantation of euploid human blastocysts. Reproductive biomedicine online 2019;38: 169-176.

Ng ST, Chang TH, Wu TC. Prediction of the rates of fertilization, cleavage, and pregnancy success by cumulus-coronal morphology in an in vitro
fertilization program. Fertility and sterility 1999;72: 412-417.

Nguyen Q, Sommer S, Greene B, Wrenzycki C, Wagner U, Ziller V. Effects of opening the incubator on morphokinetics in mouse embryos.
European journal of obstetrics, gynecology, and reproductive biology 2018;229: 64-69.

Noli L, Dajani Y, Capalbo A, Bvumbe J, Rienzi L, Ubaldi FM, Ogilvie C, Khalaf Y, llic D. Developmental clock compromises human twin model
created by embryo splitting. Human reproduction (Oxford, England) 2015;30: 2774-2784.

Orevich LS, Watson K, Ong K, Korman |, Turner R, Shaker D, Liu Y. Morphometric and morphokinetic differences in the sperm- and oocyte-
originated pronuclei of male and female human zygotes: a time-lapse study. Journal of assisted reproduction and genetics 2022;39: 97-106.
OtsukiJ, lwasaki T, Enatsu N, Katada Y, Furuhashi K, Shiotani M. Noninvasive embryo selection: kinetic analysis of female and male pronuclear
development to predict embryo quality and potential to produce live birth. Fertility and sterility 2019;112: 874-881.

Otsuki J, Iwasaki T, Katada Y, Tsutsumi Y, Tsuji Y, Furuhashi K, Kokeguchi S, Shiotani M. A higher incidence of cleavage failure in oocytes
containing smooth endoplasmic reticulum clusters. Journal of assisted reproduction and genetics 2018;35: 899-905.

OtsukiJ, lwasaki T, Tsuji Y, Katada Y, Sato H, Tsutsumi Y, Hatano K, Furuhashi K, Matsumoto Y, KokeguchiS et al. Potential of zygotes to produce
live births can be identified by the size of the male and female pronuclei just before their membranes break down. Reproductive medicine and
biology 2017;16: 200-205.

OtsukiJ, Okada A, Morimoto K, Nagai Y, Kubo H. The relationship between pregnancy outcome and smooth endoplasmic reticulum clusters in
MIl human oocytes. Human reproduction (Oxford, England) 2004;19: 1591-1597.

Pan C, Zhang H. Embryological Characteristics and Clinical Outcomes of Oocytes with Heterogeneous Zona Pellucida During Assisted
Reproduction Treatment: A Retrospective Study. Medical science monitor : international medical journal of experimental and clinical research
2020;26: €924316.

Parriego M, Coll L, Carrasco B, Garcia S, Boada M, Polyzos NP, Vidal F, Veiga A. Blastocysts from partial compaction morulae are not defined
by their early mistakes. Reproductive biomedicine online 2023.

Payne D, Flaherty SP, Barry MF, Matthews CD. Preliminary observations on polar body extrusion and pronuclear formation in human oocytes
using time-lapse video cinematography. Human reproduction (Oxford, England) 1997;12: 532-541.

Payne D, Okuda A, Wakatsuki Y, Takeshita C, lwata K, Shimura T, Yumoto K, Ueno Y, Flaherty S, Mio Y. Time-lapse recording identifies human
blastocysts at risk of producing monozygotic twins. 2007.

Paz MV, Chiera M, Hovanyecz P, Cicaré J, Perfumo P, Domenech L, Ventura V. Blastocysts Derived From OPN Oocytes: Genetic And Clinical
Results. JBRA assisted reproduction 2020;24: 143-146.

Petersen BM, Boel M, Montag M, Gardner DK. Development of a generally applicable morphokinetic algorithm capable of predicting the
implantation potential of embryos transferred on Day 3. Human reproduction (Oxford, England) 2016;31: 2231-2244.

Pierson HE, Invik J, Meriano J, Pierson RA. A novel system for rapid conversion of Gardner embryo grades to linear scale numeric variables.
Reproductive biomedicine online 2023;46: 808-818.

60



Pons MC, Carrasco B, Parriego M, Boada M, Gonzalez-Foruria |, Garcia S, Coroleu B, Barri PN, Veiga A. Deconstructing the myth of poor
prognosis for fast-cleaving embryos on day 3. Is it time to change the consensus? Journal of assisted reproduction and genetics 2019;36: 2299-
2305.

Pons MC, Carrasco B, Rives N, Delgado A, Martinez-Moro A, Martinez-Granados L, Rodriguez I, Cairé O, Cuevas-Saiz I. Predicting the likelihood
of live birth: an objective and user-friendly blastocyst grading system. Reproductive biomedicine online 2023;47: 103243.

Practice Committee of the American Society for Reproductive Medicine. Blastocyst culture and transfer in clinically assisted reproduction: a
committee opinion. Fertility and sterility 2018;110: 1246-1252.

Prevention of twin pregnancies after IVF/ICSI by single embryo transfer. ESHRE Campus Course Report. Human reproduction (Oxford, England)
2001;16: 790-800.

Pribenszky C, Nilselid AM, Montag M. Time-lapse culture with morphokinetic embryo selection improves pregnancy and live birth chances
and reduces early pregnancy loss: a meta-analysis. Reproductive biomedicine online 2017;35: 511-520.

Puissant F, Van Rysselberge M, Barlow P, Deweze J, Leroy F. Embryo scoring as a prognostic tool in IVF treatment. Human reproduction (Oxford,
England) 1987;2: 705-708.

Quinn P, Harlow GM. The effect of oxygen on the development of preimplantation mouse embryos in vitro. The Journal of experimental
zoology 1978;206: 73-80.

Racowsky C, Stern JE, Gibbons WE, Behr B, Pomeroy KO, Biggers JD. National collection of embryo morphology data into Society for Assisted
Reproductive Technology Clinic Outcomes Reporting System: associations among day 3 cell number, fragmentation and blastomere
asymmetry, and live birth rate. Fertility and sterility 2011;95: 1985-1989.

Raja EA, Bhattacharya S, Maheshwari A, McLernon DJ. A comparison of perinatal outcomes following fresh blastocyst or cleavage stage embryo
transfer in singletons and twins and between singleton siblings. Human reproduction open 2023;2023: hoad003.

Rattanachaiyanont M, Leader A, Léveillé MC. Lack of correlation between oocyte-corona-cumulus complex morphology and nuclear maturity
of oocytes collected in stimulated cycles for intracytoplasmic sperm injection. Fertility and sterility 1999;71: 937-940.

Regin M, Spits C, Sermon K. On the origins and fate of chromosomal abnormalities in human preimplantation embryos: an unsolved riddle.
Molecular human reproduction 2022;28.

Rhenman A, Berglund L, Brodin T, Olovsson M, Milton K, Hadziosmanovic N, Holte J. Which set of embryo variables is most predictive for live
birth? A prospective study in 6252 single embryo transfers to construct an embryo score for the ranking and selection of embryos. Human
reproduction (Oxford, England) 2015;30: 28-36.

Rienzi L, Capalbo A, Stoppa M, Romano S, Maggiulli R, Albricci L, Scarica C, Farcomeni A, Vajta G, Ubaldi FM. No evidence of association
between blastocyst aneuploidy and morphokinetic assessment in a selected population of poor-prognosis patients: a longitudinal cohort
study. Reprod Biomed Online 2015;30: 57-66.

Rienzi L, Cimadomo D, Delgado A, Minasi MG, Fabozzi G, Gallego RD, Stoppa M, Bellver J, Giancani A, Esbert M et al. Time of morulation and
trophectoderm quality are predictors of a live birth after euploid blastocyst transfer: a multicenter study. Fertility and sterility 2019;112: 1080-
1093.e1081.

Rienzi L, Ubaldi FM, lacobelli M, Minasi MG, Romano S, Ferrero S, Sapienza F, Baroni E, Litwicka K, Greco E. Significance of metaphase Il human
oocyte morphology on ICSI outcome. Fertility and sterility 2008;90: 1692-1700.

Rosenbusch B, Schneider M, Glaser B, Brucker C. Cytogenetic analysis of giant oocytes and zygotes to assess their relevance for the
development of digynic triploidy. Human reproduction (Oxford, England) 2002;17: 2388-2393.

Rubino P, Vigano P, Luddi A, Piomboni P. The ICSI procedure from past to future: a systematic review of the more controversial aspects. Human
reproduction update 2016;22: 194-227.

S4 R, Cunha M, Silva J, Luis A, Oliveira C, Teixeira da Silva J, Barros A, Sousa M. Ultrastructure of tubular smooth endoplasmic reticulum
aggregates in human metaphase Il oocytes and clinical implications. Fertility and sterility 2011,96: 143-149.e147.

Sacha CR, Kaser DJ, Farland LV, Srouji S, Missmer SA, Racowsky C. The effect of short-term exposure of cumulus-oocyte complexes to in vitro
maturation medium on yield of mature oocytes and usable embryos in stimulated cycles. Journal of assisted reproduction and genetics
2018;35: 841-849.

Salas-Vidal E, Lomeli H. Imaging filopodia dynamics in the mouse blastocyst. Developmental biology 2004;265: 75-89.

Salumets A, Hydén-Granskog C, Méakinen S, Suikkari AM, Tiitinen A, Tuuri T. Early cleavage predicts the viability of human embryos in elective
single embryo transfer procedures. Human reproduction (Oxford, England) 2003;18: 821-825.

Sathananthan AH. Ultrastructural changes during meiotic maturation in mammalian oocytes: unique aspects of the human oocyte. Microscopy
research and technique 1994;27: 145-164.

Sauerbrun-Cutler MT, Vega M, Breborowicz A, Gonzales E, Stein D, Lederman M, Keltz M. Oocyte zona pellucida dysmorphology is associated
with diminished in-vitro fertilization success. Journal of ovarian research 2015;8: 5.

Savio Figueira Rde C, Setti AS, Braga DP, Jr Al, Jr EB. Blastocyst Morphology Holds Clues Concerning The Chromosomal Status of The Embryo.
International journal of fertility & sterility 2015;9: 215-220.

Sawada Y, Sato T, Nagaya M, Saito C, Yoshihara H, Banno C, Matsumoto Y, Matsuda Y, Yoshikai K, Sawada T et al. Evaluation of artificial
intelligence using time-lapse images of IVF embryos to predict live birth. Reprod Biomed Online 2021;43: 843-852.

Sayed S, Reigstad MM, Petersen BM, Schwennicke A, Hausken JW, Storeng R. Nucleation status of Day 2 pre-implantation embryos, acquired
by time-lapse imaging during IVF, is associated with live birth. PloS one 2022;17: e0274502.

Sayed S, Reigstad MM, Petersen BM, Schwennicke A, Wegner Hausken J, Storeng R. Time-lapse imaging derived morphokinetic variables reveal
association with implantation and live birth following in vitro fertilization: A retrospective study using data from transferred human embryos.
PloS one 2020;15: e0242377.

Sciorio R, Herrer Saura R, Thong KJ, Esbert Algam M, Pickering SJ, Meseguer M. Blastocyst collapse as an embryo marker of low implantation
potential: a time-lapse multicentre study. Zygote (Cambridge, England) 2020: 1-9.

Scott KL, Hong KH, Scott RT, Jr. Selecting the optimal time to perform biopsy for preimplantation genetic testing. Fertility and sterility 2013;100:
608-614.

Setti AS, Braga D, Vingris L, laconelli A, Jr., Borges E, Jr. Early and late paternal contribution to cell division of embryos in a time-lapse imaging
incubation system. Andrologia 2021;53: e14211.

61



Setti AS, Figueira RC, Braga DP, Colturato SS, laconelli A, Jr., Borges E, Jr. Relationship between oocyte abnormal morphology and
intracytoplasmic sperm injection outcomes: a meta-analysis. European journal of obstetrics, gynecology, and reproductive biology 2011;159:
364-370.

Setti AS, Figueira RC, de Almeida Ferreira Braga DP, Azevedo MC, laconelli A, Jr., Borges E, Jr. Oocytes with smooth endoplasmic reticulum
clusters originate blastocysts with impaired implantation potential. Fertility and sterility 2016;106: 1718-1724.

Sfontouris IA, Lainas GT, Lainas TG, Faros E, Banti M, Kardara K, Anagnostopoulou K, Kontos H, Petsas GK, Kolibianakis EM. Complex
chromosomal aberrations in a fetus originating from oocytes with smooth endoplasmic reticulum (SER) aggregates. Systems biology in
reproductive medicine 2018;64: 283-290.

Sha QQ, Zheng W, Wu YW, Li S, Guo L, Zhang S, Lin G, Ou XH, Fan HY. Dynamics and clinical relevance of maternal mRNA clearance during the
oocyte-to-embryo transition in humans. Nature communications 2020;11: 4917.

Shani AK, Haham LM, Balakier H, Kuznyetsova |, Bashar S, Day EN, Librach CL. The developmental potential of mature oocytes derived from
rescue in vitro maturation. Fertility and sterility 2023;120: 860-869.

Shaw-Jackson C, Thomas AL, Van Beirs N, Ameye L, Colin J, Bertrand E, Becker B, Rozenberg S, Autin C. Oocytes affected by smooth
endoplasmic reticulum aggregates: to discard or not to discard? Archives of gynecology and obstetrics 2016;294: 175-184.

Shebl O, Haslinger C, Kresic S, Enengl S, Reiter E, Oppelt P, Ebner T. The hare and the tortoise: extreme mitotic rates and how these affect live
birth. Reproductive biomedicine online 2021;42: 332-339.

Shenoy CC, Khan Z, Coddington CC, Stewart EA, Morbeck DE. Symmetry at the 4-Cell Stage Is Associated with Embryo Aneuploidy. Reproductive
sciences (Thousand Oaks, Calif) 2021;28: 3473-3479.

Shi W, Xu B, Wu LM, Jin RT, Luan HB, Luo LH, Zhu Q, Johansson L, Liu YS, Tong XH. Oocytes with a dark zona pellucida demonstrate lower
fertilization, implantation and clinical pregnancy rates in IVF/ICSI cycles. PloS one 2014;9: e89409.

Shoukir Y, Campana A, Farley T, Sakkas D. Early cleavage of in-vitro fertilized human embryos to the 2-cell stage: a novel indicator of embryo
quality and viability. Human reproduction (Oxford, England) 1997;12: 1531-1536.

Shu Y, Gebhardt J, Watt J, Lyon J, Dasig D, Behr B. Fertilization, embryo development, and clinical outcome of immature oocytes from
stimulated intracytoplasmic sperm injection cycles. Fertility and sterility 2007;87: 1022-1027.

SiJ, Zhu X, Lyu Q, Kuang Y. Obstetrical and neonatal outcomes after transfer of cleavage-stage and blastocyst-stage embryos derived from
monopronuclear zygotes: a retrospective cohort study. Fertility and sterility 2019;112: 527-533.

Skiadas CC, Jackson KV, Racowsky C. Early compaction on day 3 may be associated with increased implantation potential. Fertility and sterility
2006;86: 1386-1391.

Sousa M, Cunha M, Silva J, Oliveira E, Pinho MJ, Almeida C, Sa R, da Silva JT, Oliveira C, Barros A. Ultrastructural and cytogenetic analyses of
mature human oocyte dysmorphisms with respect to clinical outcomes. Journal of assisted reproduction and genetics 2016;33: 1041-1057.
Sousa M, Teixeira da Silva J, Silva J, Cunha M, Viana P, Oliveira E, Sa R, Soares C, Oliveira C, Barros A. Embryological, clinical and ultrastructural
study of human oocytes presenting indented zona pellucida. Zygote (Cambridge, England) 2015;23: 145-157.

Squirrell JM, Schramm RD, Paprocki AM, Wokosin DL, Bavister BD. Imaging mitochondrial organization in living primate oocytes and embryos
using multiphoton microscopy. Microscopy and microanalysis : the official journal of Microscopy Society of America, Microbeam Analysis
Society, Microscopical Society of Canada 2003;9: 190-201.

Storr A, Bilir E, Cooke S, Garrett D, Venetis CA. Fine-tuning blastocyst selection based on morphology: a multicentre analysis of 2461 single
blastocyst transfers. Reproductive biomedicine online 2019;39: 588-598.

Storr A, Venetis CA, Cooke S, Kilani S, Ledger W. Inter-observer and intra-observer agreement between embryologists during selection of a
single Day 5 embryo for transfer: a multicenter study. Human reproduction (Oxford, England) 2017;32: 307-314.

Strassburger D, Goldstein A, Friedler S, Raziel A, Kasterstein E, Mashevich M, Schachter M, Ron-El R, Reish O. The cytogenetic constitution of
embryos derived from immature (metaphase I) oocytes obtained after ovarian hyperstimulation. Fertility and sterility 2010;94: 971-978.
Subira J, Craig J, Turner K, Bevan A, Ohuma E, McVeigh E, Child T, Fatum M. Grade of the inner cell mass, but not trophectoderm, predicts live
birth in fresh blastocyst single transfers. Human fertility (Cambridge, England) 2016;19: 254-261.

Sundstrém P, Saldeen P. Early embryo cleavage and day 2 mononucleation after intracytoplasmatic sperm injection for predicting embryo
implantation potential in single embryo transfer cycles. Fertility and sterility 2008;89: 475-477.

Swain JE. Decisions for the IVF laboratory: comparative analysis of embryo culture incubators. Reproductive biomedicine online 2014;28: 535-
547.

Swain JE. Optimal human embryo culture. Semin Reprod Med 2015;33: 103-117.

Swain JE. Controversies in ART: considerations and risks for uninterrupted embryo culture. Reproductive biomedicine online 2019;39: 19-26.
Tabibnejad N, Soleimani M, Aflatoonian A. Zona pellucida birefringence and meiotic spindle visualization are not related to the time-lapse
detected embryo morphokinetics in women with polycystic ovarian syndrome. European journal of obstetrics, gynecology, and reproductive
biology 2018;230: 96-102.

Takahashi H, Otsuki J, Yamamoto M, Saito H, Hirata R, Habara T, Hayashi N. Clinical outcomes of MIl oocytes with refractile b odies in patients
undergoing ICSI and single frozen embryo transfer. Reproductive medicine and biology 2020;19: 75-81.

Talbot AL, Alexopoulou E, Kallemose T, Freiesleben NC, Nielsen HS, Zedeler A. Binucleated embryos at the two-cell stage show higher
blastocyst formation rates and higher pregnancy and live birth rates compared to non-multinucleated embryos. Human reproduction open
2022;2022: hoac049.

Tannus S, Cohen Y, Henderson S, Al Ma'mari N, Shavit T, Son WY, Dahan MH. Fresh transfer of Day 5 slow-growing embryos versus deferred
transfer of vitrified, fully expanded Day 6 blastocysts: which is the optimal approach? Human reproduction (Oxford, England) 2019;34: 44-51.
Tao J, Tamis R, Fink K, Williams B, Nelson-White T, Craig R. The neglected morula/compact stage embryo transfer. Human reproduction
(Oxford, England) 2002;17: 1513-1518.

Ten J, Mendiola J, Vioque J, de Juan J, Bernabeu R. Donor oocyte dysmorphisms and their influence on fertilization and embryo quality.
Reproductive biomedicine online 2007;14: 40-48.

Tesarik J, Greco E. The probability of abnormal preimplantation development can be predicted by a single static observation on pronuclear
stage morphology. Human reproduction (Oxford, England) 1999;14: 1318-1323.

'There is only one thing that is truly important in an IVF laboratory: everything' Cairo Consensus Guidelines on IVF Culture Conditions.
Reproductive biomedicine online 2020;40: 33-60.

62



Thompson SM, Onwubalili N, Brown K, Jindal SK, McGovern PG. Blastocyst expansion score and trophectoderm morphology strongly predict
successful clinical pregnancy and live birth following elective single embryo blastocyst transfer (eSET): a national study. Journal of assisted
reproduction and genetics 2013;30: 1577-1581.

Thurin A, Hardarson T, Hausken J, Jablonowska B, Lundin K, Pinborg A, Bergh C. Predictors of ongoing implantation in IVF in a good prognosis
group of patients. Human reproduction (Oxford, England) 2005;20: 1876-1880.

Tiegs AW, Sun L, Patounakis G, Scott RT. Worth the wait? Day 7 blastocysts have lower euploidy rates but similar sustained implantation rates
as Day 5 and Day 6 blastocysts. Human reproduction (Oxford, England) 2019;34: 1632-1639.

Tran D, Cooke S, lllingworth PJ, Gardner DK. Deep learning as a predictive tool for fetal heart pregnancy following time-lapse incubation and
blastocyst transfer. Hum Reprod 2019.

Ubaldi FM, Capalbo A, Vaiarelli A, Cimadomo D, Colamaria S, Alviggi C, Trabucco E, Venturella R, Vajta G, Rienzi L. Follicular versus luteal phase
ovarian stimulation during the same menstrual cycle (DuoStim) in a reduced ovarian reserve population results in a similar euploid blastocyst
formation rate: new insight in ovarian reserve exploitation. Fertility and sterility 2016;105: 1488-1495.e1481.

Ueno S, Bodri D, Uchiyama K, Okimura T, Okuno T, Kobayashi T, Kato K. Developmental potential of zona pellucida-free oocytes obtained
following mild in vitro fertilization. Fertility and sterility 2014,102: 1602-1607.

Van Blerkom J. Occurrence and developmental consequences of aberrant cellular organization in meiotically mature human oocytes after
exogenous ovarian hyperstimulation. Journal of electron microscopy technique 1990;16: 324-346.

Van de Velde H, De Vos A, Sermon K, Staessen C, De Rycke M, Van Assche E, Lissens W, Vandervorst M, Van Ranst H, Liebaers | et al. Embryo
implantation after biopsy of one or two cells from cleavage-stage embryos with a view to preimplantation genetic diagnosis. Prenatal diagnosis
2000;20: 1030-1037.

Van den Abbeel E, Balaban B, Ziebe S, Lundin K, Cuesta MJ, Klein BM, Helmgaard L, Arce JC. Association between blastocyst morphology and
outcome of single-blastocyst transfer. Reproductive biomedicine online 2013;27: 353-361.

Van Montfoort AP, Dumoulin JC, Kester AD, Evers JL. Early cleavage is a valuable addition to existing embryo selection parameters: a study
using single embryo transfers. Human reproduction (Oxford, England) 2004;19: 2103-2108.

Van Royen E, Mangelschots K, De Neubourg D, Laureys |, Ryckaert G, Gerris J. Calculating the implantation potential of day 3 embryos in
women younger than 38 years of age: a new model. Human reproduction (Oxford, England) 2001;16: 326-332.

Van Royen E, Mangelschots K, Vercruyssen M, De Neubourg D, Valkenburg M, Ryckaert G, Gerris J. Multinucleation in cleavage stage embryos.
Human reproduction (Oxford, England) 2003;18: 1062-1069.

Vassena R, Boué S, Gonzalez-Roca E, Aran B, Auer H, Veiga A, Izpisua Belmonte JC. Waves of early transcriptional activation and pluripotency
program initiation during human preimplantation development. Development (Cambridge, England) 2011;138: 3699-3709.

Veeck L. An Atlas of Human Gametes and Conceptuses: an lllustrated Reference for Assited Reproductive Technology. . Parthenon Publishing
Group 1999.

Veeck L, Zaninovic N. An Atlas of Human Blastocysts. 2003.

Vera-Rodriguez M, Chavez SL, Rubio C, Reijo Pera RA, Simon C. Prediction model for aneuploidy in early human embryo development revealed
by single-cell analysis. Nature communications 2015;6: 7601.

Verlinsky Y, Lerner S, lllkevitch N, Kuznetsov V, Kuznetsov |, Cieslak J, Kuliev A. Is there any predictive value of first polar body morphology for
embryo genotype or developmental potential? Reproductive biomedicine online 2003;7: 336-341.

The Vienna consensus: report of an expert meeting on the development of art laboratory performance indicators. Human reproduction open
2017;2017: hox011.

Vitthala S, Gelbaya TA, Brison DR, Fitzgerald CT, Nardo LG. The risk of monozygotic twins after assisted reproductive technology: a systematic
review and meta-analysis. Human reproduction update 2009;15: 45-55.

Wale PL, Gardner DK. Time-lapse analysis of mouse embryo development in oxygen gradients. Reproductive biomedicine online 2010;21: 402-
410.

Wale PL, Gardner DK. The effects of chemical and physical factors on mammalian embryo culture and their importance for the practice of
assisted human reproduction. Human reproduction update 2016;22: 2-22.

Wallbutton S, Kasraie J. Vacuolated oocytes: fertilization and embryonic arrest following intra-cytoplasmic sperm injection in a patient
exhibiting persistent oocyte macro vacuolization--case report. Journal of assisted reproduction and genetics 2010;27: 183-188.

Wang M, Gao L, Yang Q, Long R, Zhang Y, Jin L, Zhu L. Does smooth endoplasmic reticulum aggregation in oocytes impact the chromosome
aneuploidy of the subsequent embryos? A propensity score matching study. Journal of ovarian research 2023;16: 59.

Wang Q, Ulker A, Wang H, Wu B, Yang A, Attia GR. Single live birth derived from conjoined oocytes using laser-cutting technique: a case report.
Zygote (Cambridge, England) 2022;30: 217-220.

Wang X, Du M, Guan Y, Wang B, Zhang J, Liu Z. Comparative neonatal outcomes in singleton births from blastocyst transfers or cleavage-stage
embryo transfers: a systematic review and meta-analysis. Reproductive biology and endocrinology : RB&E 2017;15: 36.

Wang X, Xiao Y, Sun Z, Zhen J, Yu Q. Smooth Endoplasmic Reticulum Clusters in Oocytes From Patients Who Received Intracytoplasmic Sperm
Injections Negatively Affect Blastocyst Quality and Speed of Blastocyst Development. Frontiers in physiology 2021;12: 732547.

Weghofer A, Kushnir VA, Darmon SK, Jafri H, Lazzaroni-Tealdi E, Zhang L, Albertini DF, Barad DH, Gleicher N. Age, body weight and ovarian
function affect oocyte size and morphology in non-PCOS patients undergoing intracytoplasmic sperm injection (ICSl). PloS one 2019;14:
e0222390.

Wei X, Enatsu N, Furuhashi K, lwasaki T, Kokeguchi S, Shiotani M, Otsuki J. Developmental trajectory of monopronucleated zygotes after
in vitro fertilization when they include both male and female genomes. Fertility and sterility 2022;117: 213-220.

White CR, Denomme MM, Tekpetey FR, Feyles V, Power SG, Mann MR. High Frequency of Imprinted Methylation Errors in Human
Preimplantation Embryos. Scientific reports 2015;5: 17311.

Wilding M, Di Matteo L, D'Andretti S, Montanaro N, Capobianco C, Dale B. An oocyte score for use in assisted reproduction. Journal of assisted
reproduction and genetics 2007;24: 350-358.

Wirleitner B, Schuff M, Stecher A, Murtinger M, Vanderzwalmen P. Pregnancy and birth outcomes following fresh or vitrified embryo transfer
according to blastocyst morphology and expansion stage, and culturing strategy for delayed development. Human reproduction (Oxford,
England) 2016;31: 1685-1695.

Wu J, Zhang J, Kuang Y, Chen Q, Wang Y. The effect of Day 3 cell number on pregnancy outcomes in vitrified-thawed single blastocyst transfer
cycles. Human reproduction (Oxford, England) 2020;35: 2478-2487.

63



Wyns C, De Geyter C, Calhaz-Jorge C, Kupka MS, Motrenko T, Smeenk J, Bergh C, Tandler-Schneider A, Rugescu IA, Goossens V. ART in Europe,
2018: results generated from European registries by ESHRE. Human reproduction open 2022;2022: hoac022.

Xia P. Intracytoplasmic sperm injection: correlation of oocyte grade based on polar body, perivitelline space and cytoplasmic inclusions with
fertilization rate and embryo quality. Human reproduction (Oxford, England) 1997;12: 1750-1755.

Xie PY, Tang Y, Hu L, Ouyang Q, Gu YF, Gong F, Leng LZ, Zhang SP, Xiong B, Lu GX et al. Identification of biparental and diploid blastocysts from
monopronuclear zygotes with the use of a single-nucleotide polymorphism array. Fertility and sterility 2018;110: 545-554.e545.

Xu J, Yang L, Chen ZH, Yin MN, Chen J, Sun L. Oocytes With Smooth Endoplasmic Reticulum Aggregates May Not Impact Blastocyst Euploidy
Rate. Frontiers in endocrinology 2022;13: 851370.

Yakin K, Balaban B, Isiklar A, Urman B. Oocyte dysmorphism is not associated with aneuploidy in the developing embryo. Fertility and sterility
2007,;88: 811-816.

Yalginkaya E, Ozay A, Ergin EG, Oztel Z, Ozérnek H. Live birth after transfer of a tripronuclear embryo: An intracytoplasmic sperm injection as
a combination of microarray and time-lapse technology. Turkish journal of obstetrics and gynecology 2016;13: 95-98.

Yan L, Huang L, Xu L, Huang J, Ma F, Zhu X, Tang Y, Liu M, Lian Y, Liu P et al. Live births after simultaneous avoidance of monogenic diseases
and chromosome abnormality by next-generation sequencing with linkage analyses. Proceedings of the National Academy of Sciences of the
United States of America 2015;112: 15964-15969.

Yang D, Yang H, Yang B, Wang K, Zhu Q, Wang J, Ding F, Rao B, Xue R, Peng J et al. Embryological Characteristics of Human Oocytes With Agar-
Like Zona Pellucida and Its Clinical Treatment Strategy. Frontiers in endocrinology 2022;13: 859361.

Yang Q, Zhu L, Wang M, Huang B, Li Z, Hu J, Xi Q, Liu J, Jin L. Analysis of maturation dynamics and developmental competence of in vitro
matured oocytes under time-lapse monitoring. Reproductive biology and endocrinology : RB&E 2021;19: 183.

Yang ST, Shi JX, Gong F, Zhang SP, Lu CF, Tan K, Leng LZ, Hao M, He H, Gu YF et al. Cleavage pattern predicts developmental potential of day 3
human embryos produced by IVF. Reproductive biomedicine online 2015;30: 625-634.

Yang Z, Zhang J, Salem SA, Liu X, Kuang Y, Salem RD, Liu J. Selection of competent blastocysts for transfer by combining time-lapse monitoring
and array CGH testing for patients undergoing preimplantation genetic screening: a prospective study with sibling oocytes. BMC medical
genomics 2014;7: 38.

Yi XF, Xi HL, Zhang SL, Yang J. Relationship between the positions of cytoplasmic granulation and the oocytes developmental p otential in
human. Scientific reports 2019;9: 7215.

Yu CH, Zhang RP, LiJ, AZC. A predictive model for high-quality blastocyst based on blastomere number, fragmentation, and symmetry. Journal
of assisted reproduction and genetics 2018;35: 809-816.

Yuan S, Zhan J, Zhang J, Liu Z, Hou Z, Zhang C, Yi L, Gao L, Zhao H, Chen ZJ et al. Human zygotic genome activation is initiated from paternal
genome. Cell discovery 2023;9: 13.

Zhan Q, Sierra ET, Malmsten J, Ye Z, Rosenwaks Z, Zaninovic N. Blastocyst score, a blastocyst quality ranking tool, is a predictor of blastocyst
ploidy and implantation potential. F&S reports 2020;1: 133-141.

Zhan Q, Ye Z, Clarke R, Rosenwaks Z, Zaninovic N. Direct Unequal Cleavages: Embryo Developmental Competence, Genetic Constitution and
Clinical Outcome. PloS one 2016;11: e0166398.

Zhang H, Hu W, Zhong Y, Guo Z. Meta-analysis of the effects of smooth endoplasmic reticulum aggregation on birth outcome. BMC pregnancy
and childbirth 2021;21: 374.

Zhang JQ, Li XL, Peng Y, Guo X, Heng BC, Tong GQ. Reduction in exposure of human embryos outside the incubator enhances embryo quality
and blastulation rate. Reproductive biomedicine online 2010;20: 510-515.

Zhang WY, Johal JK, Gardner RM, Bavan B, Milki AA. The impact of euploid blastocyst morphology and maternal age on pregnancy and neonatal
outcomes in natural cycle frozen embryo transfers. Journal of assisted reproduction and genetics 2022;39: 647-654.

Zhao H, Liu H, Li M, Wu K. Clinical outcomes following frozen-thawed blastocyst transfers with blastocysts derived from different cell numbers
on day 3: a retrospective cohort study. Journal of assisted reproduction and genetics 2020;37: 641-648.

Zhao H, Yuan P, Chen X, Lin H, Zhao J, Huang J, Qiu Q, Ji X, Zhang Q, Wang W. The aneuploidy testing of blastocysts developing from OPN and
1PN zygotes in conventional IVF through TE-biopsy PGT-A and minimally invasive PGT-A. Frontiers in reproductive health 2022;4: 966909.
Zhao YY, Yu Y, Zhang XW. Overall Blastocyst Quality, Trophectoderm Grade, and Inner Cell Mass Grade Predict Pregnancy Outcome in Euploid
Blastocyst Transfer Cycles. Chinese medical journal 2018;131: 1261-1267.

Zhou W, Fu L, Sha W, Chu D, Li Y. Relationship of polar bodies morphology to embryo quality and pregnancy outcome. Zygote (Cambridge,
England) 2016;24: 401-407.

Zhu M, Shahbazi M, Martin A, Zhang C, Sozen B, Borsos M, Mandelbaum RS, Paulson RJ, Mole MA, Esbert M et al. Human embryo polarization
requires PLC signaling to mediate trophectoderm specification. eLife 2021;10.

Ziebe S. Morphometric analysis of human embryos to predict developmental competence. Reproduction, fertility, and development 2013;26:
55-64.

Ziebe S, Lundin K, Loft A, Bergh C, Nyboe Andersen A, Selleskog U, Nielsen D, Grgndahl C, Kim H, Arce JC. FISH analysis for chromosomes 13,
16, 18,21, 22, X and Y in all blastomeres of IVF pre-embryos from 144 randomly selected donated human oocytes and impact on pre-embryo
morphology. Human reproduction (Oxford, England) 2003;18: 2575-2581.

Ziebe S, Petersen K, Lindenberg S, Andersen AG, Gabrielsen A, Andersen AN. Embryo morphology or cleavage stage: how to select the best
embryos for transfer after in-vitro fertilization. Human reproduction (Oxford, England) 1997;12: 1545-1549.

Zou H, Kemper JM, Hammond ER, Xu F, Liu G, Xue L, Bai X, Liao H, Xue S, Zhao S et al. Blastocyst quality and reproductive and perinatal
outcomes: a multinational multicentre observational study. Human reproduction (Oxford, England) 2023;38: 2391-2399.

ZouY, PanY, Ge N, XuY, GuR, Li Z, FuJ, Gao J, Sun X, Sun Y. Can the combination of time-lapse parameters and clinical features predict
embryonic ploidy status or implantation? Reprod Biomed Online 2022;45: 643-651.

64



2152

2153
2154
2155
2156
2157
2158
2159
2160

2161
2162
2163

2164

2165
2166
2167

Supplementary data SI — Survey questions

Section l. General information on your centre
* 1. Please select the country where your centre is located.
Section Il. Current practice
Section Il.1. Istanbul Consensus - Compliance
* 2. Do you, in your centre, follow the Istanbul consensus recommendations for embryo assessment?
. No
e Yes
e Yes, partly or with modifications.

* 3. How often do you apply the Istanbul consensus recommendations regarding the timing of
static observationsin your daily practice? Rate the frequency of applying the

recommendations. (One option per row needs to be checked)

This stage of
Frequently (50% Sometimes (5% - Rarely/Never (< development is
Always (>90%) - 90%) 50%) 5%) not assessed

Fertilization check:
17h+ 1 post
insemination

Syngamy check:
23h+ 1 post
insemination

Early cleavage
check: 28h+ 1 (post
IVF) or 26h=+ 1 (post
ICSI)

Day-2 embryo
assessment: 44h = 1

Day-3 embryo
assessment: 68h = 1

Day-4 embryo
assessment: 92h = 2

Day-5 embryo
assessment: 116h +
2

* 4. How often do you apply the Istanbul consensus recommendations regarding oocyte and
embryo scoringin your daily practice? Rate the frequency of applying the recommendations.

(One option per row needs to be checked)
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2168

2169
2170

2171

2172
2173

Frequently (50%

Always (>90%) - 90%)

Cumulus-oocyte
complex

Zona pellucida
Perivitelline space
Polar body
Cytoplasm
Vacuolization
Pronuclear stage
Cleavage stage
Day-4 stage

Blastocyst stage

5. To what degree do you rely on the Istanbul consensus recommendations in your daily

Sometimes (5% -

50%)

Rarely/Never (<
5%)

This stage of

development
not scored

practice related to the timing of static observations? (One option per row needs to be checked)

Little

Fertilization check:
17h= 1 post
insemination

Syngamy check:
23h+ 1 post
insemination

Early cleavage
check: 26h+ 1 (post
ICSI) or 28h+ 1
(post IVF)

Day-2 embryo
assessment: 44h + 1

Day-3 embryo
assessment: 68h = 1

Day-4 embryo
assessment: 92h + 2

Day-5 embryo
assessment: 116h +
2

Moderate

Completely

Not at all

6. To what degree do you rely on the Istanbul consensus recommendations in your daily practice related to oocyte

and embryo scoring? (One option per row needs to be checked)

is
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2174
2175

2176
2177
2178
2179

2180

2181
2182
2183
2184
2185
2186

2187
2188

2189
2190
2191
2192
2193

2194
2195

2196
2197
2198
2199
2200

2201
2202

Cumulus-oocyte
complex

Zona pellucida

Little Moderate Completely Not at all

Perivitelline space

Polar body
Cytoplasm

Vacuolization

Pronuclear stage

Cleavage stage

Day-4 stage

Blastocyst stage

* 7. What grading system are you using for cleavage-stage embryos?

Istanbul Consensus ASEBIR

SART

Another grading system. Please specify.

N/A. We don't use a grading system for cleavage-stage embryos.

8. What grading system are you using for blastocysts?

Istanbul Consensus Gardner

ASEBIR

SART

UK/ACE

Another grading system. Please specify.

N/A. We don't use a grading system for blastocysts.

9. In your centre, at which stage are fresh embryos transferred? Please indicate an approximate percentage in the
comment box (from 0 to 100% of the transfer cycles)

O O O O O

Day-2:
Day-3:
Day-4:
Day-5/6:
Day-7:

10. Inyour centre, at which stage are embryos cryopreserved? Please indicate an approximate percentage in the
comment box (from 0 to 100% of the transfer cycles)

Day-2:
Day-3:
Day-4:
Day-5/6:
Day-7:

11.  Which nomenclature do you use for blastocysts that are considered clinically non-usable?

Non-classifiable
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2203
2204
2205
2206
2207

2208
2209

2210
2211

2212

2213

2214
2215
2216
2217
2218
2219
2220
2221
2222
2223
2224
2225
2226
2227

2228
2229

2230
2231

2232
2233

2234
2235
2236
2237
2238
2239
2240
2241
2242
2243

e |CM or TE Grade D

e |CM or TE Grade X

e Grade CC

e Grade33

e Another nomenclature. Please specify

12. Would it be helpful in your daily practice if there is a universally accepted term to classify clinically non-usable
blastocysts?

. Yes
. No

Section 11.2. IVF laboratory technologies for embryo selection

* 13. Do you use Time-lapse (TL) in your centre?

14. For what proportion of IVF/ICSI cycles do you use TL? (From O to 100%)

15. For what purposes do you use TL in your centre? (Tick all that apply)
e For all patients
e For Day-5/6 cycles only
e For selected patients with a history of embryo cleavage problems
e For selected patients who choose this option
e Forresearch
e Other purposes. Please explain in the comment box.

16. *Do you use an algorithm for embryo assessment and/or selection?

o Yes, we use an algorithm developed in-house.
o Yes, we use an algorithm developed by manufactures.
o  Yes, we use an algorithm published by other professionals Other (please specify)

17. *Do you use Artificial Intelligence (Al) rather than using a morphokinetic algorithm for embryo assessment and/or

selection
e Yes
. No

18. For which of these areas of daily practice related to gamete and embryo assessment and/or selection are you using

AI? (Tick all that apply)
e  Sperm selection
. Oocyte assessment
e  Embryo assessment in static images
e  Embryo assessment in TL videos
e Other (please specify)
19. * Is PGT-A offered in your centre (either in-house or outsourced)?
e Yes
e No
e  Other (please specify)
20. In your centre, at which stage are non-PGT-embryos scored? One option per row needs to be checked.
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2244

2245

2246

2247
2248
2249

2250

2251
2252
2253

2254
2255

2256
2257
2258
2259
2260
2261
2262

2263

Frequently (50% -

Always (>90%) 90%) Sometimes (5 - 50%) Rarely/Never (<5%)

21. Inyour centre, at which stage are PGT-embryos scored? One option per row needs to be checked.

Frequently (50% -
Always (=90%) 90%) Sometimes (5 - 50%) Rarely/Never (<5%)

Day-2
Day-3
Day-4
Day-5/6

Day-7

22.  When PGT-A is performed, do you still use morphology to rank/select euploid embryos for transfer?
e Yes

e No
Please explain in the comment box

23. When PGT-A is performed, do you still use morphokinetics to rank/select euploid embryos for transfer?
e Yes

e No

Please explain in the comment box

Section Ill. Quality assurance

24. * In your centre, is embryologist performance of the oocyte/embryo assessment monitored by internal/external
quality assurance programs?
e Yes, internal quality assurance programs.
e Yes, external quality assurance programs.
e Yes, both internal and external quality assurance programs.
e No
Please explain.
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2270

Supplementary Data SIl — Survey results

Current practice in ART centres regarding the application of the Istanbul
consensus recommendations on oocyte and embryo morphology assessment

Eight hundred and thirty-three replies were received. After exclusion of irrelevant replies
including only background information (e.g., replies including only information on the country
or on whether the centre is following or not the Istanbul consensus recommendations), the

resulting data set included 539 replies from 82 different countries.
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2271 Figure 1 Overview of the location of the 539 centres included in the survey (A), whether the centre is following or not the Istanbul consensus (B), and the different embryo scoring systems used for cleavage-stage embryos (C) and for

2272 blastocysts (D)

Characteristics of the 539 centres

Al
Europe
North America (341 replies; 63.3 %) Asia
(35 replies; 6.5%) (122 replies; 22.6%)
Africa
(21 replies; 3.9%)
South America
H . o,
(16 replies; 3.0%) Australia
(4 replies; 0.7%)
C. Scoring Cleavage-stage embryos (/449 replies)

6.0%

M Istanbul Consensus
m ASEBIR
B SART

Another Grading

system
N/A

2273

Following the Istanbul consensus

B. recommendations for embryo assessment
60.0
52.1%
50.0
40.0 . NO
34.9%
M Yes
30.0
M Yes, partly or with
200 modifications
13.0%
10.0
0.0
D Scoring Blastocysts (/486 replies)
6.8% H Istanbul Consensus
3.5%

23.6%
® Gardner

8%
B ASEBIR
B SART

m UK ACE

Another grading system

55.7% N/A. We don't use a grading
system for blastocysts
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2274 Figure 2 Scoring systems used for cleavage-sage embryos (A) and blastocysts (B)/continent. Bars represent the absolute numbers of respondents using the respective scoring system/continent. Tables represent the percentages of use for

2275 each scoring system /continent.

A. Scoring system use for clevage-stage embryos/continent B. Scoring system used for balstocysts/continent

South America 4/10 2/10 South America 4/15 9/15

North America 8/33 4/33 15/33 North America p¥pXL]

Europe 161/291 48/291 Europe 75/310 170/310 36/310

Australia 2/4 1/4 Australia 1/9
Asia 60/91 8/916/9 Asia 29/102 63/102
Africa 13/20 3/20  2/20 Africa 4/21 10/21 1/21 2/21 2/21
. . . North South . . . North South
Africa Asia Australia  Europe America  America Africa Asia Australia Europe America America
W Istanbul Consensus 65.0 65.9 50.0 55.3 242 40.0 W Istanbul Consensus 19.0 28.4 111 24.2 6.9 26.7
m ASEBIR 15.0 8.8 0.0 16.5 121 0.0 M Gardner 47.6 61.8 33.3 54.8 55.2 60.0
W SART 10.0 6.6 25.0 3.1 455 20.0 1 ASEBIR 4.8 2.0 0.0 11.6 0.0 0.0
Another grading system 5.0 11.0 0.0 20.6 12.1 10.0 B SART 9.5 1.0 0.0 23 24.1 0.0
! i m UK ACE 9.5 1.0 55.6 0.0 0.0 0.0
N/A. We don't use a grading 5o 77 250 45 6.1 300
system for cleavage-stage embryos Another grading system 4.8 5.9 0.0 6.8 13.8 6.7
N/A. We don't use a grading system for 48 0.0 00 03 00 6.7
blastocysts
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2277  Applying the Istanbul consensus recommendations in the daily practice

2278 Figure 3 Percentage of applying the Istanbul consensus recommendations regarding the timing of static observations (A) and oocyte and embryo scoring (B) and the degree of relying on those recommendations regarding the timing of

2279 static observations (C) and oocyte and embryo scoring (D) in the centre daily practice.

Relying on the Istanbul consensus

A. Frequency of applying the Istanbul consensus recommendation C. recommendations related to the timing of static
regarding the timing of static observations observations

Day-5 embryo assessment: 116h £ 2 |8 20 72.9 5. 20.2 72.7
Day-4 embryo assessment: 92h + 2 38.6 141 122 111 24.1 37.7 . 233
Day-3 embryo assessment: 68h + 1 8.7 17.7 63.1 61.5
Day-2 embryo assessment: 44h £ 1 pL 10 10 143 41.4

Early cleavage check: 28h+ 1 (post IVF)... 45.8 13.4 119 115 17.3
Syngamy check: 23hx 1 post... 52.9 15,1 9.8 9.2 13

Fertilization check: 17h+ 1 post... ¥ 22.8 68.2

B D Relying on the Istanbul consensus
. Frequency of applying the Istanbul consensus recommendation . recommendations related to oocyte and embryo

regarding oocyte and embryo scoring scoring

19.3 75.9

Blastocyst stage 13.4 81
Day-4 stage 36 13,9 115 10.7 27.9 36.7 11.7 22.4
Cleavage stage LMl 6.6/ 14.1 68 6.9 6.1 24.8 62.1

Pronuclear stage [AARNE LS 7.2 6.7 23.1 63.1

Vacuolization AR EY! 21.3 . 10.5 10.5
QVGIEC 9.2 83 17.5 22.4 . 129 12.2
Polarbody BERNE: AN/ 17.7 12.5 45
Perivitelline space 16.8 13 17.9 19.6 19.1 PR
Zona pellucida 18.8 15.4 14.9 19.8 . 21.4 26.8

Cumulus-oocyte... 28.9 15.3 14.1 16.6 19.5 . 23.1

[=}
-
S}
%)
o
w
S
o
S
o
S
o
S

70 80 90

g

H This stage of development is not scored
 Rarely/Never (<5%) ¥ Not at all mLittle ® Moderate M Completely
B Sometimes (5% -50%)
H Frequently (50%- 90%)

2280 B Always (>90%)

73



2281

2282

2283

Days of fresh embryo transfer and cryopreservation

Figure 4 Stage of fresh embryo transfer (A) and Day of embryo cryopreservation (B)

A. Day of fresh embryo transfer B.

Day-7 (%) 83.8 16.2
11.1 20.3 19.1 17.4

Day-5/6 (%)

Day-4 (%)

Day-3 (%)

Day-2 (%)

m0% m[1%-25%] W [25%-50%] m [50%-75%]

Day of embryo cryopreservation

49.6 49.2

[75%-95%] m [95%-100%]
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2285

2286

2287

Clinically non-usable blastocysts

81% of the respondents consider it helpful to have a universally accepted term to classify clinically non-usable blastocysts

Figure 5 Preferable nomenclature for clinically non-usable blastocysts.

Nomenclature for clinically non-usable blastocysts (/422
replies)

10.4%

15.8%

26.3%

3.8%

B Non-classifiable M ICM or TE Grade D B ICM or TE Grade X

M Grade CC Grade 33 = Another nomenclature®
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2288  Use of emerging technologies

2289 Figure 6 Using of Time-lapse (A), algorithms (B) and artificial intelligence (C)

A Time-Lapse B Algorithms C. Artificial Intelligence
100 85.9%
80
54.1%
60 50.6% 49.4% -
40
20 15.3% 17.6% 9.9% 14.1%
0 |

Yes No No,wedo Yes, we use Yes, weuse Yes,we use Other Yes No
not use any an algorithm an algorithm an algorithm
algorithm developed in-developed by published by
house  manufactures other

52.1% 31.2% 11.6% professionals 35.6% 27.1% 20.3%

M For all patients

Embryo assessment in TL videos

I For selected patients with a history of embryo cleavage = Embryo assessment in static images

problems .
For selected patients who choose this option B Sperm selection for ICSI
B Oocyte assessment
M For research
W Other

M For Day-5/6 cycles only
2290
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2291  Euploid embryos

2292 Figure 7 PGT-A use (A) and ranking of euploid embryos using the morphology or morphokinetics (B) and the day of PGT- and non-PGT-embryo scoring (C).

A. Use of PGT-A C. Stage of non-PGT embryos scoring
100
Day-7 23.5 7.4 16.9 52.3
80
Day-5/6
64.1%
60
Day-4 . . : 53.5
40
Day-3 . 126 12.2 @ 14.6
20
Day-2 34.2 5.8/ 12.9 47.1
1.9%
0
B Yes Other Stage of PGT embryos scoring
Day-7 26.1 11.2 | 13.7 49
Using morphology to rank/select Using morphokinetics to rank/select
euploid embryos euploid embryos
100 91.4% 100 Day'5/6 90.6
50 60 54.1% 45.9% Day-4 23.2 5.6 15 56.2
. 8.6% . - - Day-s 60'2 7.2 8.8 23.7
o | o
Day-2 32.6 5.26.4 55.8
H Always (>90%) B Frequently (50% - 90%)
2293 M Sometimes (5-50%) = Rarely/Never (<5%)
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2295
2296
2297
2298

2299

2300

2301

2302

Supplementary Data Sl — Ranking tables for blastocysts

The following tables (Supplementary Data Slll. figure 1.A. and B. and Supplementary Data Slll. table 1) provide a general guideline on how to apply the Gardner grading system to rank embryos

for transfer. However, the literature does not provide a consensus on the best method to do this, for example some studies (Ahlstréom et al., 2013) and (Honnma et al., 2012) concluded that TE

grade was more important than expansion grade, and other studies (Van den Abbeel et al., 2013) concluded that expansion grade was more important than day of freezing. Further, there is

not a linear relationship between embryo grade and pregnancy outcome, and in fact many grades have similar likelihood of pregnancy (e.g. 3AA and 4AB).

Figure 1 A general guideline on how to apply the Gardner grading system to rank blastocysts for Day-5 fresh embryo transfer(A) and Day-5 and Day-6 frozen embryo transfer. A numerical order is followed for grading (1 to 40).

A.

Day 5 Fresh ET Colour code:
Expansion 1 2 3 4-6 Good quality blastocysts
TE A B c B Poor quality blastocysts
A 10 9 5 7 17 1 2 15 Early blastocysts
ICM | B 6 8 18 2 4 16
C 13 14 20 11 12 19
B. Day of
freezing Day 5 FET Day 6 FET
Expansion 1 2 3 4-6 1 2 3 4-6
TE A B C B C A
A 18 17 5 7 31 1 3 29 20 19 13 15 35 9 11 33
ICM (B 6 8 32 2 4 30 14 16 36 10 12 34
23 24 38 21 22 37 27 28 40 25 26 39
C. Priority
1 GradeA/B >Grade C
2 Grade 1/2> GradeC
3 GradeCICM>GradeCTE
4 Dayb5>Day6
5 Expansion4-6>3>2>1
6 TEgradeA>B
7 ICMgrade A>B

Table 1 Example of a blastocyst ranking scheme for fresh or frozen Day 5 embryo transfer.

Rank Day 5
1 Expansion 4-6; ICM/TE Grade A/B
2 Expansion 3; ICM/TE Grade A/B
3* Expansion 1,2
4 Expansion 4-6; TE Grade C
5 Expansion 3; TE Grade C
6 Expansion 4-6; ICM Grade C
7 Expansion 3; ICM Grade C

*: the culture of early blastocysts (expansion 1,2 on day 5)
should be extended to day 6 before vitrification (Kovacic et al.,
2004, Wirleitner et al., 2016)
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