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ABSTRACT

Since the first in vitro fertilization (IVF) procedure, assisted reproductive technologies have helped many patients overcome
infertility. However, according to the 2022 National Registry of Assisted Reproductive Technologies of the Russian Association
of Human Reproduction, the probability of achieving pregnancy through IVF remains below 50%. Morphological assessment
of blastocyst quality remains the gold standard. Implantation rates have increased to some extent due to the selection of
high-quality embryos. However, given the subjectivity of morphological evaluation, further research is needed to establish the
correlation between embryo reproductive potential and morphology. Time-lapse imaging combined with artificial intelligence
may enhance the objectivity of assessment and identify additional morphological features indicative of blastocyst quality. The
detection of exosomes, proteins, and metabolites secreted into the culture medium during embryo development may provide
insights into the physiological state of the embryo and its interactions with the surrounding environment, potentially serving
as markers of implantation potential. This review provides an overview of the morphological and biochemical markers of
blastocyst quality, their interrelationships, and the use of artificial intelligence in embryo selection for transfer. A literature
search was conducted in the electronic databases PubMed and Google Scholar using the following keywords: IVF, blastocyst,
human embryo, culture media, timelapse system, embryo string, embryo exosomes, morphology, artificial intelligence,
proteome, and metabolome. The analysis included studies published in the past five years.
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AHHOTALMUA

C MoMeHTa nepBoi NpoLiesypbl 3KCTPAKOPNOPabHOr0 OM0A0TBOPEHUA BCIOMOraTesIbHbIE PEMPOAYKTUBHbIE TEXHOOMMU No-
MOI/IM MHOTUM MauueHTaM B neyeHny becnnogus. OfHaKo, No AaHHbIM HaLMOHANbHOrO perucTpa BCrnoMoraTesbHbIX penpo-
LYKTUBHBIX TexHonoruii Poccuitckon accoumaumm penpoaykumm yenoseka (2022), BeposiTHOCTb BepeMeHHOCTV B pe3ynbTarte
3KCTPaKOpnopanbHOro OnoA0TBOPEHUA MO-NpexHeMy cocTaBnseT MeHee 50%. Mopdonormyeckas oueHka KauyecTsa bna-
CTOLMCTbI OCTAETCA 30/10TbIM CTaHAAPTOM. B onpepenéHHoi cTeneHu [ons MMNaHTauMmu yBenuuunack bnaroaaps otbopy
BbICOKOKAYEeCTBEHHbIX IMOPMOHOB. OfHaKO B CBA3M C CYOBLEKTUBHBLIM XapaKTepoM Mop(hoorMYecKon OLEHKU HEOOX0AMMBI
AanbHelLne MCCNeAoBaHNA )18 YCTaHOBNEHMA CBA3M PenpoayKTUBHOMO NoTeHUMana aMbpmoHoB ¢ ux Mopdonorveit. MoBbi-
CUTb 06BEKTUBHOCTb OLIEHKM W 06HapyXuTb HoBbIE MOPhOIOTMYECKME NPU3HAKKU KayecTBa bnacToumCTbl MOKET cucTeMa 3a-
MeZJIEHHOW CbEMKU B KOMIIIEKCE C BO3MOXHOCTSMM UCKYCCTBEHHOTO MHTeNNeKTa. [leTekums ak3ocoM, benkoB u MeTabonu-
TOB, KOTOpbIE BbIAENAOTCA B NPOLIECCE POCTa B KYNbTypabHYK Cpefly, MOryT NoMoYb ONpeaenuTb crnocobHoCTb bnacToumcTbl
K MMMAaHTaLUMK, TaK Kak OHWM NPeAocTaBniAlT MHbopMaLmio o (pM3MONOrMYecKoM COCTOSIHUKM 3MBPUOHA W ero B3auMoLen-
CTBUW C OKpYXatoLLen cpefoir. B naHHoM HayyHoM 0630pe npefcTaBneHbl cBefieHUs 0 MOpPGONOTMYECcKMX, BUOXUMUYECKUX
Mpu3HaKax Kayectsa biacTouuCTbl, MX B3aMMOCBA3M, a TaKKe MPUMEHEHUN UCKYCCTBEHHOTO WHTEN/eKTa B 0Tbope amMBpuoHa
ANA nepeHoca. Mouck nybavKauui npousseaeH B aNeKTPoHHbIX 6asax faHHbix PubMed u Google Scholar. Cratbu uckanu
Mo cieayoLmM KiodeBbiM cioBaM: «IVF», «blastocyst», «human embryo», «culture media», «timelapse system», «<embryo
string», «embryo exosomes», «morphology», «artificial intilligence», «proteome», «metabolome». B pabote npoaHanuampo-
BaHbl CTaTbW, 0Ny6/MKOBaHHbIE B NOCNeAHME 5 neT.

KnioueBbie cnoBa: 6nacTouncTa; MMNaHTaLmS; KynbTrypasbHasa XWAKOCTb; meTabosnowm; NPoTeOoM; 3K30COMblI; 3JKO.
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INTRODUCTION

Infertility treatment is a medical, social and economic
challenge. According to the Federal State Statistics Service,
the infertility rate in 2022 was 203.29 newly diagnosed cases
per 100,000 women aged 18-49 years, and this parameter
does not tend to decrease. The World Health Organization
(2023) estimates that 17.5% of the world’s adult population
suffers from infertility, or one in six people’. Since 2013, in
vitro fertilization (IVF) has been included in the list of compul-
sory health insurance services. The pregnancy rate with IVF
varies widely, from 8.6% to 46.2% [1]. There is a need to de-
termine factors of IVF success and consider all these factors,
risks, and treatment costs. For successful IVF, it is important
to select an embryo to be transferred into the uterine cavity.
This review discusses embryo quality assessment techniques
that embryologists have been using in their practice for over
20 years, as well as more recent techniques and new param-
eters of blastocyst survival that require further investigation
for full clinical implementation.

METHODS

PubMed, eLibrary, and Google Scholar databases were
searched for publications. Relevant articles were found by
keywords such as IVF, blastocyst, human embryo, culture
media, timelapse system, embryo string, embryo exosomes,
morphology, artificial intelligence, proteome, and metabo-
lome. The analysis included articles published in the last five
years.

RESULTS

Gardner Embryo Grading System

The embryo grading system proposed by Gardner et al. [2]
is still generally accepted and most widely used in selecting
embryos for IVF and intracytoplasmic sperm injection (ICSI).
This grading system is based on maturation of the blasto-
cyst, which is given a numerical score from 1 to 6 (1 for a
blastocoel that is less than half the volume of the embryo, 6
for a hatched blastocyst), trophoblast and embryoblast mor-
phology indicated by A, B, C. Recent studies have shown that
blastocysts classified as good (3-6BB) and excellent (3—6AA,
AB, BA) are more common to be implanted in the endometri-
um and are positively correlated with the percentage of re-
sulting pregnancies and full-term births [3—6]. Some studies
have also demonstrated the diagnostic value of trophoblast
and embryoblast grades. One study used multivariate logistic
analysis to show that trophoblast grade, as opposed to em-
bryoblast grade, had a statistically significant effect on rates

' WHO: 1 in 6 people globally affected by infertility [cited 2024 Jul 20].
Available from: https://www.who.int/ru/news/item/04-04-2023-1-in-6-
people-globally-affected-by-infertility
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of resulting pregnancies and live births. The study compared
blastocysts with grade A and C trophoblast cells. The trans-
plantation of blastocysts with grade A trophoblast cells was
2.32 times more likely to result in pregnancy and 2.22 times
more likely to result in a live birth (p = 0.04). However, em-
bryoblast cell grade did not have a statistically significant
effect on these parameters (p = 0.47) [7]. A similar study
(2022) does not contradict the above study and shows that
trophoblast grade (p = 0.021), as opposed to embryoblast
grade (p = 0.129), also has statistically significant effect on
the rate of biochemical pregnancy [8]. These findings may be
due to the key role of the trophoblast in the implantation of
the blastocyst, followed by the development of the amnion
later in the embryonic process.

The Gardner embryo grading system is based solely on
visual assessment of blastocyst morphology and does not
consider morphometric parameters. A Japanese cross-sec-
tional study proposed a morphometric system for evaluating
blastocysts by measuring blastocyst diameter, embryoblast
size, and estimated trophoblast cell counts to assess matu-
ration of the blastocyst, trophoblast grade, and embryoblast
grade, respectively. This study also examined the effects of
these parameters on rates of pregnancy prolongation into
the second trimester. In contrast to the embryoblast size and
estimated trophoblast cell counts, the blastocyst diameter
showed no effects on pregnancy course. The rates of preg-
nancy prolongation into the second trimester were 2.9% at an
embryoblast size <1,500 mm? and 33.3% at an embryoblast
size >4,500 mm?. The estimated number of trophoblasts that
survived into the second trimester was 2.9% with a cell count
<60. A stable increase in pregnancy rates was reported with
increasing cell counts, reaching 34.3% at a cell count >130.
The combined effect on pregnancy outcome was calculat-
ed for the embryoblast size and estimated trophoblast cell
counts, as these parameters were independently associated
with the rates of progressive pregnancies. The rate of pro-
gressive pregnancies was 2.0% (1/49) at an embryoblast
size <2,500 mm? and estimated trophoblast cell counts <70.
These rates reached 47.8% (22/46) at an embryoblast size
>3,500 mm? and estimated trophoblast cell count >110 [9].

The above morphometric grading system for blastocyst
is beneficial because it introduces numerical parameters and
automates blastocyst morphologic evaluation. This reduces
IVF/ICSI costs and optimizes speed and effectiveness of the
fertility specialist’s work.

None of the studies reviewed showed a statistically sig-
nificant effect of maturation of the blastocyst (diameter) on
pregnancy course, which may be related to its association
with the other two parameters of the considered grading
system [9].

Blastocyst Hatching

Blastocyst hatching (when the blastocyst sheds its
clear outer membrane) is an important stage in embryo
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implantation [10]. Embryologists often use the Gardner em-
bryo grading system to grade only more developed blas-
tocysts (i.e., those that have fully hatched). In addition, the
current grading system for blastocysts is subjective and con-
troversial among embryologists. Therefore, it is necessary
to identify potentially significant objective and quantitative
criteria for blastocyst grading [11].

In a Korean study, transfer of a completely hatched blasto-
cyst in the single embryo transfer group was associated with
higher implantation and pregnancy rates compared to hatch-
ing blastocysts (15.7% and 15.6%, respectively; p < 0.05). In
addition, in the double embryo transfer group, the implan-
tation and pregnancy rates remained higher with the trans-
fer of completely hatched blastocysts compared to hatching
blastocysts (19.5% and 20.4%, respectively; p < 0.05). When
completely hatched blastocysts were transferred, clinical
pregnancy and implantation rates were higher, regardless of
the age of the women and the quality of the embryos [12]. In
a similar study, blastocysts were divided into three groups:
group 1 for non-hatched blastocysts, group 2 for hatching
blastocysts, and group 3 for completely hatched blastocysts.
The blastocyst implantation rates were 28.6%, 43.6%, and
53.8% in groups 1, 2, and 3, respectively (p < 0.001); the
pregnancy rates were 27.9%, 42.8%, and 53.2% (p < 0.001);
the live birth rates were 23.1%, 32.0%, and 42.5% (p < 0.001).
Group 3 had higher rates of these parameters. Group 2 had
higher blastocyst implantation rates and higher pregnancy
rates than group 1, but live birth rates were similar [11]. In
contrast, Rodriguez-Purata et al. [13] found no correlation
between spontaneous hatching and pregnancy course or out-
comes. Another recent study shows that completely hatched
blastocysts may have a lower chance of implantation than
hatching blastocysts [14]. This may be caused by damage
to the blastomeres during vitrification due to the lack of a
protective zona pellucida surrounding the blastocyst. There-
fore, a hatching effect on IVF and ICSI success rates remains
poorly understood and further research is needed.

Morphology of Vitrified Embryos after Thawing

Cryopreservation protocols are currently widely used in
IVF. Such protocols reduce the risk of multiple pregnancies,
avoid ovarian hyperstimulation syndrome, have economic
benefits, and reduce partner stress before IVF [15]. Freez-
ing and thawing can have a negative effect on a blastocyst.
Vitrification minimizes the formation of ice crystals in the
blastocoel, although some crystals still develop [16]. During
vitrification, the volume of the embryo decreases and its
ability to return to its original shape upon thawing may af-
fect IVF success. The effect of blastocyst morphology on live
birth rates was evaluated in a cohort study [17]. Blastocoel
re-expansion was graded immediately before embryo trans-
fer as follows: A, fully re-expanded; B, partially re-expanded
(=50%); C, partially re-expanded (<50%), and D, collapsed.
Live birth rates ranged from 11.4% in group D to 38.9% in
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group A (p < 0.001). Park et al. [18] evaluated morphology
and morphokinetics of thawed blastocysts and their cor-
relation with the Gardner blastocyst grade and pregnancy
course. Vitrified and thawed embryos were divided into four
groups based on their diameter: group 1, <135 um; group 2,
135-145 pm; group 3, 146-155 pm; and group 4, =156 um.
The diameter of blastocysts in groups 2, 3 and 4 correlat-
ed positively with their grade. However, some blastocysts
in group 1 were also classified as good, but their number
was significantly lower. The study also measured blastocyst
re-expansion rates and divided embryos into three groups:
group 1, <50 nm/min; group 2, >50.1 nm/min to <100 nm/min;
and group 3 >100.1 nm/min to <150 nm/min. A strong cor-
relation was found between the blastocyst re-expansion
speed and carrying of a pregnancy, as well as a correlation
between the blastocyst re-expansion speed and blastocyst
grade, with higher re-expansion rate resulting in higher blas-
tocyst grade (p < 0.001). Therefore, higher-grade blastocysts
are less susceptible to damage when vitrified and thawed.
Hershko-Klement et al. [19] evaluated the predictive value
of changes in the size of the blastocyst after a certain period
of incubation. Measurements were taken immediately after
thawing and after 120 + 15 minutes. Minimum and max-
imum cross-sectional axes were measured. Three groups
were defined: group 1 for embryos that continued to shrink
by =10 pm; group 2 for embryos that ranged from -9 pm to
+9 pm; and group 3 for re-expansion of =10 pm. Pregnancy
rates were 18.9% in group 1, 27.0% in group 2, and 51.2% in
group 3 (p = 0.007). Therefore, morphology and morphoki-
netics of thawed vitrified embryos may significantly affect
IVF and ICSI success rates. Therefore, embryologists should
consider blastocyst parameters both before and after vitri-
fication.

Embryonic (Cytoplasmic) Strands

The development and clinical implementation of time-
lapse imaging has opened new possibilities for detailed as-
sessment of embryo morphology. This system captures the
development of an embryo at regular intervals of 5-15 min-
utes [20]. This technology discovered embryonic strands. The
function of embryonic strands in early embryonic develop-
ment remains poorly understood. These are typically long,
thin filaments (0.1-0.3 mm) that connect the embryoblast
and trophoblast during blastocyst formation [21]. In the early
2000s, the detection of embryonic strands in a blastocyst
was considered an unfavorable sign of embryo viability [22].
In recent years, however, it has been considered favor-
able [23-25]. A recent study evaluated effects of embryonic
strands on blastocyst grade and implantation. Significantly
more embryos with embryonic strands developed into high
grade blastocysts (AA, AB, BB, and BA) compared with em-
bryos without strands. The implantation rate was 39.7% in
the group with embryonic strands versus 14.3% in the group
without them, although this difference was not statistically
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significant (p = 0.16). This study also discovered antero- and
retrograde transport across embryonic strands between the
embryoblast and trophoblast [26]. A similar study found that
high-grade embryos had one or more strands predominantly
in the early stages of blastocyst development, which dis-
appeared as the embryo grew. The shape and width of the
strands depended on the blastocyst maturation. The transfer
of blastocysts with embryonic strands resulted in a 1.416-
fold higher rate of full-term pregnancies compared with
blastocysts without strands [27]. Although the function of
embryonic strands in the early stages of embryo develop-
ment remains poorly understood, studies describe their be-
neficial effects on blastocyst development and IVF success.
Therefore, this morphological feature requires further inves-
tigation (methods for morphological evaluation of blastocyst
grade are presented in Table 1).

Role of Time-Lapse Imaging in Assessing
Blastocyst Implantation Potential

As mentioned above, the development of time-lapse
imaging has helped to identify a new structure, embryonic
strands. However, the application of this technology goes
beyond that. This technique makes the process of assessing
blastocyst morphology more objective, but manual mapping
and evaluation of all images is a long and labor-intensive
process, so data analysis can be optimized using artificial
intelligence. A 2023 study [28] developed a BELA algorithm
to predict embryo ploidy without the subjective involvement
of embryologists. BELA uses multitask learning to predict
blastocyst grades, which further predict ploidy status, and
matches the performance of models trained on data provided
by embryologists. In a similar study, a deep learning algo-
rithm was developed to predict the development of an em-
bryo from morula to blastocyst stage with 66.42% to 77.74%
accuracy, detecting abnormalities at the earliest stages of
development [29]. A 2024 study [30] used time-lapse imaging
of mouse embryos to detect features predictive of normal
embryonic development to the blastocyst stage, such as
the absence of multinucleation (presence of more than one
nucleus in a blastomere) and homogeneous cytoplasm. In
addition, software was developed to construct 3D models of
blastocysts based on 2D images. Students of the Digital De-
partment of Sechenov First Moscow State Medical University
(Moscow, Russia) have developed a system for automated
analysis of the morphokinetcs of human embryos from fer-
tilization to the blastocyst stage.? Time-lapse imaging com-
bined with machine learning will optimize and facilitate the
work of embryologists.

2 A new embryo grading system is developed at Sechenov University.
Available  at:  https://www.sechenov.ru/pressroom/news/v-
sechenovskom-universitete-sozdali-novuyu-sistemu-dlya-analiza-
kachestva-embrionov-/ Accessed on 29 July 2024
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Cell Culture Fluid Tests

Currently, IVF clinics use morphological criteria to select
embryos for transfer [31]. Morphologic assessment is still
widely used, because it is a fast, technically simple, non-in-
vasive and cost-effective technique. However, it has some
limitations, such as a certain subjectivity of an embryologist
in selecting the embryos for transfer and a low ability to pre-
dict pregnancy (the rates of implantation, pregnancy onset
and full-term delivery did not exceed 50%) [32]. The preva-
lence of aneuploidy in preimplantation embryos still seems
to be the cause of implantation failure and miscarriage. Al-
though still controversial, there is increasing evidence that
identification of euploid embryos for transfer significantly
improves implantation, clinical pregnancy, and live birth rates
in patients with various conditions, including advanced ma-
ternal age and recurrent miscarriage, as well as in patients
with a favorable prognosis after single embryo transfer [33].
All previous embryo grading technologies were extremely
dangerous because they required the collection of embry-
onic material (e.g., karyotyping) [34]. In addition, a biopsy at
the blastocyst stage requires a qualified embryologist with
specialized equipment, which is a major factor affecting the
cost and availability of the procedure. Active development of
noninvasive techniques is promising and highly compatible
with morphologic assessment without embryo biopsy [35].
Such non-invasive techniques may include detection of em-
bryonic exosomes, as well as analysis of the proteome and
metabolome in the cell culture fluid.

The attachment of an embryo to the endometrium plays
a critical role in the success of embryo implantation and the
onset of pregnancy [36]. The role of exosomes and microRNA
in embryo implantation and mother-embryo communication
has been demonstrated. Exosomes are cellular membrane
vesicles ranging in size from 30 nm to 150 nm that deliver
biologically active substances from cell to cell [37]. The con-
tents of exosomes provide intercellular communication by
delivering multiple factors such as DNA, microRNA, proteins,
and lipids [38]. Exosomal biomarkers (tetraspanins CD9, CD63
and CD81) do not have sufficient diagnostic value because
they are specific not only for exosomes but also for other
types of extracellular vesicles, and due to the widespread
presence of tetraspanins in the cell membrane, other class-
es of extracellular vesicles may carry these markers [32].
MicroRNAs (POUSF1, NANQG, Oct4, Sox2, Klf4, c-Myc) are
also used as exosome biomarkers to indicate their embryonic
rather than maternal origin [39, 40]. As mentioned above,
the contents of exosomes include various factors such as
DNA, RNA, etc. However, studies prefer microRNAs as exo-
some biomarkers because of their higher stability and rapid
detectability [41]. Several studies have found a correlation
between IVF success and changes in the levels of certain
microRNAs. A 2019 study identified a microRNA-191-3p
sequence with significantly higher levels in implanted em-
bryos compared with those that were miscarried [42]. The
expression of microRNA-142-3p in the cell culture fluid was
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Table 1. Morphological methods for assessing blastocyst implantation potential

Blasto;);zzisrgﬁ]l::ttar;i:tnhggtential Research methods Evaluated parameters Reference
Embryo quality classification Light microscopy Embryo development stage (1-6) [2-6]

Embryoblast quality (A, B, C)

Trophablast quality (A, B, C)
Morphometric method for Light microscopy and image Embryoblast area 91
blastocyst quality assessment analysis using image J Estimated number of trophoblast cells

software (ver.1.52)
Assessment of blastocyst Light microscopy Degree of blastocyst escape from the zona [11,12]
hatching pellucida (unhatched, hatching, hatched)
Morphological evaluation of Light microscopy Degree of blastocoel expansion [17-19]
vitrified embryos after thawing Time-lapse image analysis Blastocyst expansion rate
Changes in blastocyst size after incubation

Detection of embryonic strings Light microscopy and Presence of embryonic strings in the blastocoel [26, 27]

time-lapse image analysis

significantly higher in non-implanted blastocysts compared
with implanted blastocysts [43]. The culture medium of im-
planted high-grade embryos was found to have lower miRNA
diversity compared with failed low-grade embryos [44, 45].
The concentration of exosomes in the culture medium may
also be a marker of potential IVF success. A 2017 study de-
tected DNA-containing exosomes using flow cytometry with
propidium iodide staining and found that implanted blasto-
cysts released fewer exosomes into the culture medium [46].
Similar data were obtained in a study conducted the same
year; the extracellular vesicle concentration in culture media
of embryos, whose transfer resulted in pregnancy, was ap-
proximately 50% of the extracellular vesicle concentration in
negative outcomes [44].

The analysis of culture media identifies biomarkers
associated with embryo implantation rates and provides a
non-invasive technique for molecular grading of embryos,
because unlike genes, proteins and metabolites yield more
accurate information about the physiological state of the em-
bryo and its interaction with the environment [47]. A culture
media multiomics strategy has been developed to identify
proteins and metabolites associated with embryo grade and
implantation rates [48]. The study found that, unlike low-
grade embryos, high-grade embryos had higher levels of
arginase-1 (an enzyme involved in the urea cycle, that ca-
talyzes the hydrolysis of arginine to ornithine and urea and
neutralizes cytotoxic products of nitrogen metabolism) and
lower levels of ubiquitin carboxy-terminal hydrolase L1 (an
enzyme involved in the processing of ubiquitin precursors and
ubiquitinated proteins); ferritin light chains; triose phosphate
isomerase, fructose-bisphosphate aldolase A, phosphogly-
cerate kinase 1 (enzymes involved in glucose metabolism);
cytoplasmic actin 2. Further comprehensive analysis of the
proteome and metabolome in the culture medium revealed
that high-grade embryos had faster rates of lipid metabolism
and slower rates of glucose and amino acid metabolism (for
more detailed information on enzymes and metabolites, see
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Table 2.) Therefore, low-grade embryos showed abnormally
high energy metabolism activity and low lipid metabolism
activity. These data support the “quiet embryo hypothe-
sis”, which states that abnormally high metabolic activity
is associated with low embryo grade. High-grade embryos
were then transferred into the uterine cavity during IVF; on
day 28, an ultrasound was performed to divide the embryos
into implanted (with a detectable amniotic sac in the uterine
cavity) and non-implanted (with no detectable amniotic sac).
Compared to group 2, group 1 embryos had higher culture
medium levels of acute phase proteins such as attractin,
ceruloplasmin, haptoglobin, haptoglobin-associated protein,
apolipoprotein A2, plasma kallikrein, macrophage-colony
stimulating factor 1 receptor, and monocyte differentiation
antigen CD14. This suggests that implanted embryos have
a better immune response and a higher survival rate under
adverse conditions [49]. The study also found that implant-
ed high-grade embryos had higher culture medium levels of
glycine (an intermediate metabolite of lipid metabolism) and
lower levels of n-butylamine, so these two substances can
be used as biomarkers of higher reproductive potential [50].
A 2019 study found a peptide derived from blastocyst culture
medium (PDBCM) in the culture medium of high-grade blas-
tocysts. This is a degradation product of the HERC2 protein
(E3 ubiquitin ligase). PDBCM was almost completely absent
from the culture medium of growth-arrested blastocysts.
The authors suggest that this peptide is both an intermedi-
ate in protein degradation and an endogenous peptide with
biological activity that may affect the speed of development
and viability of blastocysts [51]. Freis et al. [52] found se-
veral protein biomarkers of future implantation success, in-
cluding activated leukocyte cell adhesion molecule, ephrin
type-B receptor 4, junctional adhesion molecule A, selec-
tin E, C-C motif chemokine ligand 24, Fas receptor, platelet-
derived growth factor subunit A, PECAM-1, tissue inhibitor of
metalloproteinase-4, paraoxonase 3, cystatin B, bleomycin
hydrolase, and von Willebrand factor. Most of these proteins
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Table 2. Biomarkers of high blastocyst implantation potential and high quality

Biomarkers iﬂr;;;r;tr(?/ii? Role in blastocyst function| Reference
Arginase-1 T Urea cycle enzyme [50]
Triosephosphate isomerase, fructose-hisphosphate aldolase A, { Glucose metabolism
phosphoglycerate kinase 1, pyruvic acid
Glycine, apolipoprotein A2 T Lipid metabolism
N-butylamine, cyclohexanol { Intermediate metabolites
Oleamide (a metabolite of oleic acid), linoleamide T Fatty acid metabolism
(a metabolite of linoleic acid), arachidonic acid
Octadecanamide { Fatty acid metabolism
metabolite
Attractin, ceruloplasmin, haptoglobin, haptoglobin-related protein, T Acute-phase proteins
plasma kallikrein, macrophage colony-stimulating factor 1 receptor,
monocyte differentiation antigen CD14
PDBCM T Degradation product of [51]
HERC2

Activated leukocyte cell adhesion molecule, ephrin type B receptor 4, T Trophoblast migration, [52]
E-selectin, CC-chemokine ligand 24 invasion, and adhesion
FAS receptor T Apoptosis
Junctional adhesion molecule A T Organogenesis
Platelet-derived growth factor subunit A T Angiogenesis,

trophoblast migration
PECAM-1, tissue inhibitor of metalloproteinase-4 T Embryonic development
Paraoxonase 3 T Antioxidant function

Cystatin B, bleomycin hydrolase, von Willebrand factor

T Function unknown

(except von Willebrand factor, cystatin B, bleomycin hydro-
lase, whose role in blastocyst development is still poorly
understood) play important roles in trophoblast migration,
invasion, and adhesion during implantation and embryonic
development [53-61].

Several novel techniques for grading embryos and as-
sessing their implantability can be developed based on the
analysis of culture fluid, due to the diversity of proteins and
metabolites produced by the blastocyst during its growth
in vitro. However, all of the above techniques require further
research and standardization.

CONCLUSION

In current clinical practice, assisted reproductive tech-
nology specialists still lack highly effective techniques for
pre-implantation embryo selection for IVF. The morphologic
blastocyst grading of Gardner et al. is the only visual grading
technique currently used in practice. Although this technique
is still considered the gold standard, it is relatively subjective:
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selection of an implanted high-grade embryo depends solely
on an embryologist's visual assessment, and the percentage of
successful IVF attempts using this technique is still less than
50%. Double-checking is also necessary because the vitrifica-
tion process can affect the embryo grade. Grading of morpho-
logically identical embryos remains a challenge, even for an
experienced specialist in assisted reproductive technologies.
Using a slow-motion system opens up new possibilities for
evaluating embryonic morphology and detecting new morpho-
logical structures. Machine learning can also help distinguish
morphologically identical embryos and analyze the proteome
and metabolome of the culture medium to optimize the em-
bryologist's workflow. Levels of substances secreted into the
medium can be used for embryo grading. Whenever possi-
ble, every assisted reproductive technology laboratory should
use liquid chromatography with tandem mass spectrometry
to analyze culture fluid and assess embryo metabolic activity.
Implementing a comprehensive approach to embryo grading
can reduce the cost of the procedure and improve the patient’s
quality of life by reducing the number of IVF failures.
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