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Abstract
Purpose To study embryo morphokinetics in relation to release in spent media of molecules with possible roles in development
and implantation (miR-20a, miR-30c, and sHLA-G).
Methods Data were obtained from embryos generated in standard IVF and ICSI cycles. The Eeva system was used for embryo
assessment, based on early morphokinetic parameters and producing a score (1–5, best–worst) corresponding to higher/medium/
lower chances of development to blastocyst. miRNAs— mm miR-20a-5p and miR-30c-5p— and sHLA-G were quantified in
25 μl of spent blastocyst media (SBM) collected before vitrification or transfer. Statistical analyses were performed applying
Kolmogorov-Smirnov, Shapiro-Wilk, and Spearman’s correlation coefficient tests, where appropriate.
Results SBM were collected from a total of 172 viable blastocysts. Their analysis showed that concentration of miR-20a was
progressively lower as Eeva score increased and probability of development to blastocyst decreased (P = 0.016). The opposite
trend was observed in the case of miR-30c, i.e., concentration was higher as score increased and chances of development to
blastocyst decreased (P = 0.004). Analysis of sHLA-G revealed a negative correlation with Eeva score, i.e., levels were
progressively lower as Eeva score increased and probability of development to blastocyst decreased (R = − 0.388, N = 141, P
= 0.001).
Conclusion Our data suggest that morphokinetic algorithms that predict development to blastocyst stage, in fact, also identify
embryos with molecular and cellular profiles more consistent with developmental functions.
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Introduction

Since 2011 [1], time-lapse technology (TLT) has been specif-
ically developed and extensively used to identify
morphokinetic algorithms able to predict embryo pre- and
postimplantation development, non-invasively and with
higher precision. Among hundreds of published studies, some
have raised the hope that indeed specific morphokinetics be-
haviors, discernible by TLT, can be used to rank embryos
according to their viability [2–5]. However, such findings
have been difficult to reproduce independently or confirm
universally [6], irrespective of possible biases derived from
patient typology, culture media, and other process-related fac-
tors [7]. Therefore, regardless of its vast potential, the impact
of TLT on the efficiency of ART treatments awaits final dem-
onstration. Despite such uncertainties, the expectations on
TLT remain intact, both in clinical and research contexts.
Indeed, dynamic morphological changes of the embryo, at
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cellular and sub-cellular levels, can underpin critical develop-
mental events [8]. For example, direct division of the normally
fertilized egg into three blastomere, without an intervening 2-
cell stage, represents the morphological manifestation of a
mitotic division mediated by a tripolar spindle [9]. Likewise,
exclusion of blastomeres from the compaction of the morula
can be associated with the elimination of chromosomically
abnormal cells from the rest of the embryo [10]. The above
studies inspirated us to test the hypothesis that morphokinetic
patterns may be associated with important manifestations of
embryo viability. In this proof-of-concept study, we assessed
possible relationships between embryo morphokinetics, as re-
vealed by automatic morphokinetic annotation and prediction
of development to blastocyst stage, with putative biomarkers
of embryo quality, such as regulators and embryo growth and
implantation. The Eeva system was chosen as a TLT device
[11], while embryo score derived by such tool was compared
with levels of miRNAs (miR-20a/miR-30c) and soluble hu-
man leukocyte antigen-G (sHLA-G) in spent culture media.
miR-20a/miR-30c regulates functions with possible implica-
tion for embryo development and represent emerging indica-
tors of embryo implantation competence [12]. sHLA-G has
been studied for decades in relation to embryo development,
with particular reference to the regulation of the maternal im-
mune response during implantation [13–15]. sHLA-G has
been previously reported to accumulate in embryo culture
spent media, correlating with embryo quality and pregnancy
rate [15, 16]. The purpose of our study is to assess whether
embryo morphokinetics underpin biochemical and molecular
regulatory patterns of development.

Materials and methods

This proof-of-principle study included embryos generated in
standard IVF and ICSI cycles carried out between October
2016 and May 2018. Approval for the study was obtained
from the local Institutional Review Board (document ref.
R69/PA21 Rev. 0; data appl. 29 June 2016). Laboratory
non-clinical data were used for research purposes only.

Diagnosis of infertility included various causes, including
male factor, tubal factor, and polycystic ovary (PCO, but not
PCOS) with or without chronic anovulation. Ovarian stimula-
tion was carried out as previously described by Zacà et al. [17].
Major criterion for inclusion was at least 4 normally fertilized
oocytes. Successful fertilization was assessed at 16–18 h
postinsemination based on digital images acquired with Eeva
system for ICSI or by conventional microscope for IVF (in the
latter case, after fertilization check, embryos were placed into
Eeva system). The Eeva system assesses the embryo according
to early morphokinetic parameters, producing a score (1–5,
best–worst) corresponding to higher/medium/lower chances
of development to blastocyst. Embryo morphology was

evaluated on day 3 (64–72 h postinsemination), based on the
acquired digital images to generated Eeva scores. After day 3 of
development, embryos were cultured up to blastocyst stage.
SBM was collected from drops of media where blastocysts
suitable for embryo transfer or cryopreservation were cultured,
i.e., with a lower morphological grade limit of 2BC or 2CB and
herein referred to as “viable”.

MicroRNA isolation, retrotranscription, and
amplification

Twenty-five microliters of SBM were used for column-based
microRNA purification of miR-20a-5p and miR-30c-5p,
followed by SYBR green based quantitative polymerase chain
reaction (qPCR) with no need of preamplification. MicroRNA
isolation from SBMs was conducted with miRCURY RNA
Isolation Kit for Biofluids (EXIQON) according to manufac-
turer's instructions; elution was performed in 20 μl.
Retrotranscription (RT) was conducted according to
miRCURY LNA Universal RT assay (EXIQON) modifying
only the sample input volume. In particular, 2 μl of 5X reac-
tion buffer and 1 μl of enzyme mix were added to 6.5 μl of
sample. During miRNA isolation and RT assay synthetic
RNA spike-in have been added to provide a control for the
quality of RNA isolation and cDNA synthesis. In particular,
the UniSp2, UniSp4, and UniSp5 spike-in mix have been used
during RNA isolation and UniSp6 during RT experiments.
Finally, qPCR reaction was performed according to the indi-
vidual protocol miRCURY LNA SYBR® Green PCR assay
(EXIQON). The data obtained were analyzed using the iQ5
optical system software version 2.0 (Bio-Rad) including
Genex Macro iQ5 Conversion and Genex Macro iQ5 files.
Data were normalized using Genex Macro iQ5 file.

HLA-G Bio-Plex assay

Ten microliters of SBM were collected and subsequently
assayed for sHLA-G using a bead array system Bio-Plex
(Bio-Rad) according to the manufacturer's instructions.
Briefly, 50 μl of sHLA-G standards (prepared in the same
fresh culture medium and assayed in duplicate) or samples
(embryo culture supernatants in duplicate) incubated with
50 μl of anti-sHLA-G conjugated beads (5000 beads/well)
in 96-well filter plates for 60 min at room temperature with
shaking. Plates were washed by vacuum filtration three times
with 100 μl of Bio-Plex wash buffer, 25 μl of biotinylated
antibody W6/32 (10 μg/ml) (Dako) was added, and plates
were incubated for 30 min at room temperature with shaking.
After three filter washes, 50 μl of streptavidin-phycoerythrin
was added, and the plates were incubated for 15 min at room
temperature with shaking. Finally, plates were washed by vac-
uum filtration three times, beads were suspended in 125 μl of
Bio-Plex assay buffer, and samples were analyzed on the
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Instrument Bio-Plex system in combination with the Bio-Plex
Manager software. We calculated the mean of the fluores-
cence value obtained in negative control wells, present in trip-
licate on each plate, and SD, with the value of the lower limit
of detection being 3.29 SD added to the mean FI. The speci-
ficity of this assay was validated with an isotype control
(Mouse IgG1 Isotype control, code 1B-457-C100 Biotin;
Exbio) used in the placeW6/32 BiotinMoab. The background
observed was lower than the selected detection limit. We ob-
tained the limit of sensitivity at 1.0 pg/ml.

Statistical analysis

We verified the normal distribution of data using the
Kolmogorov-Smirnov test with the Lilliefors’ amendment
and the Shapiro-Wilk test. Then, to explore correlation be-
tween selected miRNA/sHLA-G expression and Eeva scores,
data were analyzed by Spearman’s correlation coefficient (R).
The differential expression analysis of miRNA and sHLA-G
among the five categories according to Eeva scores was
assessed by non-parametric Kruskall-Wallis test followed by
post hoc tests. Statistical analysis was performed with SPSS
v19.0 and the differences were considered statistically signif-
icant when P-value was less than 0.05.

Results

Forty-six individual cycles were included in the study.
Average female age was 36.0 years (95% CI 35.07–37.49),
while number of retrieved, inseminated and fertilized oocytes
were 10.7 (95% CI 10.33–11.19), 9.5 (95% CI 9.16–10.8),
and 7.0 (95% CI 6.64–7.46), respectively. Spent blastocyst
culture media (SBM) was collected from a total of 172 viable
blastocysts. Actual sample size was 136 and 141 for assess-
ment of correlation between Eeva scores and miR-20a/miR-
30c and sHLA-G, respectively.

Eeva scores and miR-20a/miR-30c levels in spent
blastocyst media

A non-normal distribution of expression levels of miR-20a
and miR-30c was observed (Supplementary Table 1 and
Supplementary Figure 1; Supplementary Table 2 and
Supplementary Figure 2; respectively). Therefore, non-
parametric tests were performed in the following analysis.

Correlation of miR-20a-5p/miR-30c-5p expression profile
and Eeva scores

To test the hypothesis of correlation between miRNA profiles
and Eeva scores, Spearman’s showed that concentration of
miR-20a was progressively lower as Eeva score increased

and probability of development to blastocyst decreased (R =
− 0.209, N = 136, P = 0.016, Table 1). The opposite trend was
observed in the case of miR-30c, i.e., concentration was
higher as score increased and chances of development to blas-
tocyst decreased (R = 0.248, N = 136, P = 0.004, Table 1).

Comparison of miRNA expression profiles across Eeva
categories

The distribution of miR-20a expression profiles did not show
significant differences across categories of Eeva scores, as
proved by Kruskal-Wallis test (Table 2). Therefore, multiple
comparisons were not carried out.

Statistical analysis comparing miR-30c profiles across
Eeva categories revealed differential expression levels
(Kruskal-Wallis test, P < 0.01; Table 3). As Kruskal-Wallis
test could not indicate which specific groups of our data were
significantly different from each other, we performed pairwise
comparisons as a post hoc analysis. The results indicated sta-
tistically significant differences, in terms of miR-30c expres-
sion levels, occurring between score 2 and score 5, score 4,
and score 5 and finally between score 1 and score 5 (Table 4
and Supplementary Figure 4).

Eeva scores and sHLA-G levels in spent blastocyst
medium

As for miRNA expression profiles, a non-normal distribution
of expre ss ion leve l s o f sHLA-G was obse rved
(Supplementary table 3 and Supplementary figure 3). As a
result, non-parametric tests were performed in the following
analysis. To test the hypothesis of a correlation between
sHLA-G expression levels and Eeva scores, a Spearman’s
correlation test was performed. Analysis revealed a negative
correlation with Eeva score, i.e., levels were progressively
lower as Eeva score increased and probability of development
to blastocyst decreased (R = − 0.388, N = 141, P = 0.001,
Table 1).

Table 1 Spearman’s Rho correlation coefficient with the associated
p-value

Variables Spearman’s Rho
correlation coefficient

Sig.
(2-tailed)

N

miR-20a – Eeva SCORE -.209(*) .016 136

miR-30c – Eeva SCORE .248(**) .004 136

sHLA-G – Eeva SCORE -.388(**) .001 141

*Correlation is significant at the 0.05 level (2-tailed)

**Correlation is significant at the 0.01 level (2-tailed)

N sample size, Sig. (2-tailed) two-tailed p-value

1739J Assist Reprod Genet (2021) 38:1737–1743



Comparison of sHLA-G expression levels among Eeva
categories

The distribution of sHLA-G expression levels across Eeva
categories was compared by Kruskal-Wallis test. A statistical-
ly significant differencewas found (Table 5). Therefore, it was
assumed that the distribution of sHLA-G was not the same
across categories of Eeva score.

Pairwise comparisons, as a post hoc analysis demonstrated
that statistically significant differences occurred only between
score 1 and score 5 (Table 6 and Supplementary Figure 5).

Discussion

In order to better appreciate the significance of human embryo
morphokinetics, in this study, we tested the hypothesis that
embryo morphokinetic patterns reflect inherent developmen-
tal functions. Indeed, we found that morphokinetic scoring,
based on algorithms that predict development to blastocyst
stage, are associated with the amount of molecules, miR-
20a/miR-30c, and sHLA-G in spent media, which are putative
regulators of embryo growth and/or endometrial receptivity.
Only very limited data are available on the involvement of
miR-20a/miR-30c in the regulation of human preimplantation
development. Evidence on sHLA-G is more copious, but rel-
evant embryo morphokinetics data — as revealed by time-
lapse microscopy — are lacking. Both factors support the
design of this investigation.

Introduced in the IVF environment approximately a decade
ago, TLT has changed observation of embryo morphology
from static at isolated time points (usually once a day) to
continued. This has allowed more precise recording of

previously recognized developmental landmarks [1, 8] (e.g.,
the first cleavage) and revealed a plethora of other morpho-
logical changes, until recently unknown or only presumed [4,
10, 18, 19]. On this basis, several morphokinetic algorithms
have been developed in the attempt to make the prediction of
clinical or laboratory outcomes more accurate [5].
Implantation is certainly the clinical endpoint more intensely
investigated. Algorithms were also developed to predict the
risk of aneuploidy, as assessed by preimplantation genetic
testing for aneuploidy (PGT-A) performed at the blastocyst
stage on trophectoderm cells [20, 21]. Development to the
blastocyst stage is another essential endpoint tested to assess
the predictive power of embryo morphokinetics. In particular,
the Eeva system assesses the embryo on the basis of early
morphokinetic parameters, producing a score corresponding
to higher/medium/lower chances of development to the blas-
tocyst stage [11]. Uncertainties, however, remain also in such
a case.

The lack of consensus surrounding TLT induces therefore
to rethink this technology, in the attempt to better understand
its biological significance and ultimately enhance the value of
information derived from embryo morphokinetics. An exem-
plification of this concept may be found in the study of Tejera
et al. [22]. They showed that too slow or to fast developmental
paces were characterized by lower levels of oxygen consump-
tion, while sustained oxygen rates were associated with opti-
mal morphokinetic pattern and implantation: a clear example
of association between morphokinetics and metabolism.

In this study, we intended to verify the relationships be-
tween the Eeva score that assigns a degree of probability of
blastocyst formation and markers of embryo viability, i.e.,
levels of miR-20a, miR-30c, and sHLA-G in spent medium.

miRNas are short-length RNA molecules acting as gene
expression regulators by silencing or influencing post-
transcriptional utilization of previously synthesized RNAs
[23]. Clearly, they are found intracellularly but can also be
intercepted in extracellular compartments, where they are re-
leased in various packaging forms to mediate cell-to-cell in-
teractions. Notably, among many physiological and patholog-
ical conditions, miRNAs are considered putative regulators of
gamete/embryo function and implantation [24, 25].

We found miR-20a correlated with the Eeva scores, i.e.,
higher levels were found in spent media of embryos scored as
1 (corresponding to a higher probability of blastocyst devel-
opment), with progressively lower levels associated with em-
bryos scoring 2 to 5. In previous studies, experimental analy-
sis of this miRNA indicated its involvement in the regulation
of five genes (CCND1, MAPK1, PTEN, MYC, and NRAS),
while in silico prediction suggested the regulation of two
mRNAs (TCF7L1 and SOS1) playing a role in the prolifera-
tion and growth of endometrial cells [26]. In preimplantation
embryos, miR-20a was ubiquitously detected in cells of
mouse blastocyst [27] and found at higher concentrations in

Table 2 Kruskal-Wallis test of miR-20a expression profiles

miR-20a

Kruskal-Wallis H - Chi-Square 6.341

df 4

Asymp. Sig. .175

df degrees of freedom, Asymp. Sig. asymptotic significance

Table 3 Kruskal-Wallis test of miR-30c expression profiles

miR-30c

Kruskal-Wallis H-Chi-square 20.623

df 4

Asymp. Sig. < 0.01

df degrees of freedom, Asymp.Sig. asymptotic significance
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spent media of euploid human blastocyst with implantation
ability [26]. Therefore, our data confirm that this molecule is
extracellularly released during preimplantation development
and are consistent with the characterization of miR-20a as a
putative positive biomarker of developmental ability. In the
present study, unlike miR-20a, we observed an inverse corre-
lation between the probability of an embryo to develop to
blastocyst stage, as predicted by the Eeva algorithm, and
levels of miR-30c in spent media. This would indicate that
miR-30c is a biomarker of reduced developmental compe-
tence. Such indication is in apparent contradiction with a pre-
vious study, in which this miRNA, in combination with miR-
20a, was more associated with blastocyst with implantation
ability [26]. It should be noted however, that the study of
Capalbo et al. [26] had a much smaller sample size and, above
all, a considerably different design, based on data derived
from only blastocyst stage euploid embryos. In addition, in
that study, samples were collected from spent media of em-
bryos developed at different stages: cleavage, morula, and
blastocyst. Our data are consistent with a study carried out in
the bovine model [28]. That investigation revealed that miR-
30c was more abundant in spent media of slow-cleaving em-
bryos, which had reduced ability to develop to the blastocyst
stage. Interestingly, following uptake of miR-30c mimics ex-
perimentally added to culture medium, bovine embryos
showed enhanced blastomere apoptosis, down-regulation of

a positive regulator of the cell cycle (cycling-dependent
kinase 12, CDK12) and repression of several genes involved
in the DNA damage response (DDR). Although comparable
human data are not available, this evidence is in agreement
with the proposition that miR-30c is as a negative regulation
of cell viability, cell cycle progression, and DNA integrity; all
functions predicted to be affected in embryos unable or less
competent to develop to the blastocyst stage.

We also investigated the hypothesis that embryo
morphokinetics, as assessed by Eeva, is associated with re-
lease of HLA-G in the spent medium. This molecule is be-
lieved to participate in the regulation of tissue interactions by
which genetically “alien” fetal tissues are tolerated in a mater-
nal environment in the course of pregnancy [29]. Specifically,
regulation by HLA-G crucially occurs during implantation to
modulate cytokine action and ultimately assist trophoblast cell
penetration and assure spatially restricted immunotolerance.
Several lines of evidence suggest that production and extra-
cellular release of sHLA-G during embryo culture is positive-
ly associated with embryo developmental and implantation
ability [16, 30–34]. We observed that sHLA-G levels associ-
ated with the best Eeva score (1) were higher compared with
levels found in the worst Eeva score (5). Significant differ-
ences were not found between other scores. Such a partial
association between sHLA-G levels and Eeva scores may re-
flect the relatively small size of the study samples. Clearly,
this represents a limitation that should be addressed in future
investigations. Restriction of both miRNA and sHLA-G de-
tection to only embryos able to develop blastocysts, although
of different morphokinetic grade, represents another limitation
of this study. Regardless, we confirmed that higher potential
to develop to blastocyst stage, as suggested by morphokinetic
analysis, is associated with increased extracellular production
of sHLA-G. Once released, this molecule could then act as a
regulator at the maternal-fetal interface [29].

Table 4 Post hoc tests (pairwise comparisons of Eeva score). Each row tests the null hypothesis that the sample 1 and sample 2 distributions are the
same. Asymptotic significances (2-sided tests) are displayed. The significance level is .05

Sample 1–sample 2 Test statistic Std. error Std. test statistic Sig. Adj. Sig.a

2–4 − 13.980 11.630 − 1.202 .229 1.000

2–1 16.814 9.773 1.720 .085 .853

2–3 − 22.715 10.642 − 2.134 .033 .328

2–5 − 47.698 10.754 − 4.435 < 0.01 < 0.01

4–1 2.834 11.121 .255 .799 1.000

4–3 8.735 11.893 .734 .463 1.000

4–5 − 33.718 11.993 − 2.812 .005 .049

1–3 − 5.901 10.084 − .585 .558 1.000

1–5 − 30.884 10.202 − 3.027 .002 .025

3–5 − 24.983 11.037 − 2.263 .024 .236

a Significance values have been adjusted by the Bonferroni correction for multiple tests

Table 5 Kruskall-Wallis test for sHLA-G levels

sHLA-G

Kruskal-Wallis H- Chi-Square 12.377

df 4

Asymp. Sig. .015

df degrees of freedom, Asymp. Sig. asymptotic significance
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Conclusions

The results of this study confirm the hypothesis that
morphokinetic patterns are associated with important manifes-
tations of embryo viability. Our data suggest that
morphokinetic algorithms that predict development to blasto-
cyst stage, in fact, also identify embryos with molecular and
cellular profiles more consistent with functions required for
growth and implantation, such as cell cycle/apoptosis regula-
tion, proliferation/growth of endometrial cells, and immune-
modulation of maternal-embryonic interactions. In ART, this
lends credit to the approach of using morphokinetic algo-
rithms for the selection of more viable embryo to prioritize
for transfer.
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material available at https://doi.org/10.1007/s10815-021-02162-9.
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