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Abstract 

Background Non-invasive selection of human embryos for in vitro fertilization purposes is still a major challenge 
to pursue. Therefore, this study aims to identify non-invasive morphometric and secretomic parameters that reliably 
select the embryos with the highest likelihood of implantation prior to embryo transfer (ET).

Methods Prospective single-centre cohort study. Thirty-two day 5 blastocysts derived from 28 couples undergoing 
intracytoplasmic sperm injection (ICSI) and ET between January 2023 and April 2023. Patients were split according 
to their implantation outcome, confirmed with serum beta-human chorionic gonadotropin (b-hCG) levels > 5 mIU/mL 
nine days post-SET. Ninety-two proteins involved in embryonic developmental programming were measured in spent 
blastocyst media (SBM) using a protein extension assay. Sparse PLS-DA (sPLS-DA) was used for principal component 
analysis. Forty-seven morphometric parameters related to the trophoblast, inner cell mass and blastocele dimension 
were evaluated in microphotographs of day 5 embryos with ImageJ software.

T-test and Mann–Whitney tests were respectively used to compare morphometric measurements and normalized 
expression of secreted protein (NPx) levels between embryos that implanted or not. Predictive value of models 
of implantation based on embryo morphometric parameters and secreted proteins.

Results Chi-squared tests showed no significant differences in transferred blastocyst stage, quality, and state 
between subgroups. Implanting blastocysts (n = 14) presented significantly different morphometric shape descriptors 
(i.e., internal circularity, internal roundness, internal axis ratio, internal angle and trophoblast mean width) than non-
implanting blastocysts (n = 13). Among the quantifiable proteins (86/92) in SBM from eleven implanting and nine 
non-implanting blastocysts, NPx and sPLS-DA analysis revealed three differentially expressed proteins. Matrilin-2 
(MATN2) and legumain (LGMN) were significantly elevated (p < 0.01 in both cases) while thymosin beta-10 (TMSB10) 
was significantly decreased (p < 0.05) in implanting embryos. Predictive models based exclusively on morphometric 
or secreted protein profiles accurately discriminated implantation outcomes (AUC > 0.71). The model integrating 
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the blastocysts’ internal circularity, internal roundness, internal axis ratio and the NPx of MATN2 and TMSB10 in SBM 
had exceptional negative and positive predictive power for implantation outcomes (100% and 90.91%, respectively; 
AUC = 0.93).

Conclusions Morphometric shape descriptors and NPx levels of MATN2 and TMSB10 in SBM emerge as promising 
candidate markers for non-invasive embryo selection.

Keywords Non-invasive markers, Embryo morphometrics, Secretomic profile, Human embryos, Implantation 
potential

Introduction
Predicting embryo parameters to select blastocysts with 
the highest likelihood to implant, establish an ongoing 
pregnancy, and ultimately, lead to a live birth is a major 
ongoing challenge in assisted reproduction technologies.

Embryo culture media provides reliable information 
about the embryo’s implantation potential [1, 2]. Diverse 
studies investigating secreted markers in conditioned 
embryo culture media found that certain compounds 
such as human chorionic gonadotropin (hCG) [3], lipo-
protein A1 [4], histocompatibility antigen, class I, G 
(HLA-G) [5] and pregnancy-specific b-1 glycoprotein 
[6] might be associated with embryo quality and devel-
opmental potential. More recently, efforts to improve 
non-invasive embryo selection strategies have combined 
secreted markers with morphokinetic parameters [7–9]. 
However, most of these studies were focused on the pres-
ence of metabolites, such as lipids [10, 11], or the oxida-
tive status of the culture media [7]. Some clinical studies 
leveraged the cell-free DNA in embryo culture media, 
which is highly concordant with preimplantation genetic 
testing results, to non-invasively predict embryo ploidy 
[12–14], disorders as β-thalassemia [15] or causes of mis-
carriage [16]. Despite these promising applications, nota-
ble technical flaws of this DNA analysis include putative 
maternal contamination from residual cumulus cells or 
DNA degradation [12].

Understanding the cell proteome is useful for tracking 
the physiological status of the cell [17]. The secretome, 
which includes proteins secreted or consumed by the 
embryo can be a source of non-invasive biomarkers. 
Classical secretomic techniques based on mass spec-
trometry have several disadvantages, such as their 
difficult interpretation and instrumentation, that hin-
ders routine clinical implementation in reproduc-
tive medicine [18]. Emerging technologies combining 
immunoassay approaches with DNA-polymerase for 
proximity-depending polymerization (proximity exten-
sion assays, PEA) are gaining momentum due to their 
increased sensitivity and specificity, with a minimal 
quantity of sample required for multiplexing [19, 20]. 
In biomedicine, this immunoassay technology has been 
broadly used to detect unique protein profiles associated 

with various health conditions [21–28]. Even with evi-
dence of PEA being applied for non-invasive embryo 
selection with [29, 30] or without [31] time-lapse embryo 
morphology assessments, the clinical potential of PEA 
technology in reproductive medicine is largely unex-
plored. Morphometric parameters can be very valu-
able to predict implantation potential. The embryo area, 
including the blastomeres and perivitelline space within 
plasma membrane, as well as zona pellucida thickness 
and blastomeres roundness, were significantly associated 
with successful implantation in cleavage-stage embryos 
[32, 33].

As time-lapse embryo culture data is not always avail-
able, the aim of the current study was to combine mor-
phometric measurements of bright-field images taken 
at 5 days of development post-fertilization (blastocyst 
stage), just prior to embryo transfer with secreted mark-
ers in spent blastocyst culture medium (SBM) to provide 
an alternative and reliable non-invasive strategy to iden-
tify embryos with higher probabilities of reproductive 
success.

Methods
Ethical approval
This study was approved by the Ethical Research Board 
of the Polytechnic University Hospital La Fe (2018/0669). 
All participants provided written informed consent prior 
to their inclusion.

Study design
This prospective single-centre study included 32 human 
blastocysts (5 days post-fertilization) derived from cou-
ples undergoing either fresh or frozen embryo trans-
fers after intracytoplasmic sperm injection (ICSI) cycles 
(n = 30) at the Assisted Reproduction Unit of the Hospital 
La Fe (Valencia, Spain) between January 2023 and April 
2023. Female patients presenting adenomyosis, myomas 
or uterine fibroids, an endometrial thickness < 7 mm at 
the time of transfer were excluded from the study. Simi-
larly, cycles with non-ejaculated sperm were excluded. 
Patients with hepatitis B/C or human immunodeficiency 
virus were also excluded from the study. Blastocysts 
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were either transferred in the same cycle or vitrified to 
be transferred in a subsequent cycle. Bright-field micro-
photographs and spent blastocyst media (SBM) were 
collected from each blastocyst prior to ET, for morpho-
metric and secretomic analysis, respectively. Blastocysts 
were divided into two groups based on the implantation 
outcome.

Controlled ovarian stimulation, in vitro fertilization 
and embryo culture
Controlled ovarian stimulation protocols involved fol-
licle stimulating hormone (FSH; dose range 1200–3000 
IU; Gonal F, Merck) alone or in combination with human 
menopausal hormone (hMG; dose range 0–1500 IU; Fer-
ring) or luteinizing hormone (LH; dose range 0 – 2100 
IU; Menopur, Ferring). Ovulation was triggered with 500 
IU human chorionic gonadotrophin (Ovitrelle, Merck) 
and/or a 0.25 mg GnRH antagonist (Orgalutran; MSD) 
when follicles surpassed a 16 mm diameter. Oocyte 
retrieval was performed 36 h later by ultrasound-guided 
vaginal aspiration.

Cumulus-oocyte complexes (COCs) were isolated and 
incubated for minimum three hours at 37°C and 5%  CO2 
prior to enzymatic (in 1X hyaluronidase for under 60 s; 
10-X Hyase, 90,176; Vitrolife) and mechanical denuda-
tion. Mature metaphase II (MII) oocytes were microin-
jected with a single motile spermatozoon selected using 
the swim-up technique. Fertilization was confirmed 
16–18 h later, with the presence of two pronuclei. Zygotes 
were cultured in 20μL sequential culture medium (G-TL, 
10,145, Vitrolife) until day 5 (blastocyst stage). Embryo 
staging and quality were assessed according to the ASE-
BIR criteria [34]. The SBM from each embryo was col-
lected and stored at −80°C until further analysis.

Endometrial preparation and embryo transfer
Blastocysts were either transferred in the same cycle 
or cryopreserved for transfer in a subsequent cycle to 
ensure optimal endometrial conditions. Embryos were 
vitrified in open-pulled straws and thawed according to 
Kitazato protocols (VT601 and VT602, respectively). 
Intravaginal progesterone regimen (200 – 400 mg) was 
followed for endometrial priming to ensure correct 
embryo-endometrium synchrony in the case of frozen 
embryo transfers. On the same day of transference, cryo-
preserved embryos were thawed (VT602, Kitazato) and 
after post-thawing recovery, bright field images and SBM 
were collected prior embryo transfer. Finally, blastocysts 
were transferred using an ultrasound-guided catheter.

Reproductive outcome measures
The implantation, clinical pregnancy and live birth out-
comes were recorded for all ETs. Successful implantation 

was defined as serum b-hCG levels > 5 mIU/mL nine days 
following ET. Clinical pregnancy was confirmed with 
serum b-hCG levels ≥ 10 IU/L, the presence of a ges-
tational sac and fetal heartbeat detected by ultrasound 
within 12 weeks of pregnancy. Live birth was defined as 
the delivery of a live newborn after minimum 24 weeks 
of pregnancy.

Evaluation of embryo morphometrics
Morphometric parameters were assessed in bright field 
images of all day 5 human blastocysts using Fiji 1.53q 
software (Supplemental Table 1). Multi-point outlines of 
the external and internal embryo, inner cell mass (ICM) 
and blastocele cavity were drawn using the polygon tool 
to measure the area (µm2), perimeter (µm), major and 
minor axis (µm), embryo shape and blastocele volume 
(Supplemental Table 1). The thickness of the zona pellu-
cida and trophoblast (TE) cortex was measured using the 
line tool (Supplemental Table 1).

Evaluation of secreted proteins in spent blastocyst media
Ninety-four proteins involved in developmental pro-
gramming (Supplemental Table  2) were quantified in 
SBM samples by proximity extension assays (PEA, Olink 
Development panel, Olink Proteomics). Ten microliter 
aliquots of SBM (n = 32) and control culture media (n = 4) 
were randomized in a 96-well plate. Culture media was 
used as blank to normalize protein levels in SBM sam-
ples. PEA combines oligonucleotide-coupled antibody 
recognition with the typical amplification of polymer-
ase chain reaction (PCR). Specifically, this assay utilizes 
proximity-dependent DNA polymerization to generate a 
unique PCR target sequence indicative of the protein of 
interest. This sequence is then amplified and measured in 
real-time using a microfluidic PCR platform, maximizing 
the specificity and sensitivity of the assay in small sample 
volumes [35]. To ensure data accuracy and consistency, 
rigorous quality control measures included normalizing 
data to an internal extension control, mitigating intra-run 
variability, running an intra-plate control and address-
ing run fluctuations. Intra assays coefficient of variations 
(%CV) ranged from 3 to 7%. The final assay output was 
expressed as the normalized protein expression (NPx), 
and presented on a log2 scale where higher NPx values 
corresponded to greater protein expression levels.

Sparse Partial Least Squares Discriminant Analysis 
(sPLS‑DA) and loading plots
Sparse Partial Least Squares Discriminant Analy-
sis (sPLS-DA) is a supervised multivariate statistical 
method used to model the relationship between inde-
pendent predictor variables and a categorical response 
variable. It extends the classical PLS-DA by incorporating 
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sparsity to select the most relevant variables for class dis-
crimination. This method is particularly useful in high-
dimensional datasets, where the number of variables far 
exceeds the number of samples. The sPLS-DA model was 
constructed using the mixOmics R package and splsda 
function [36] with 94 evaluated proteins serving as inde-
pendent predictors. The categorical variable used to dif-
ferentiate between groups was implantation, defined by 
serum b-hCG levels > 5 mIU/mL nine days after embryo 
transfer. A fivefold cross-validation was implemented to 
optimize the number of components and the number of 
variables to retain per component. Loading vectors, visu-
alized with the plotLoadings function in mixOmics, were 
extracted from the sPLS-DA model to identify the vari-
ables contributing most to the discrimination between 
groups. The principal component analysis (PCA) plots 
illustrate the contribution of each variable to the first and 
second components, respectively.

Hierarchical clustering and heat map analysis
Hierarchical clustering was performed on the samples 
using Euclidean distance and Ward’s method to generate 
dendrograms and visualize sample clustering. The heat-
map.2 function from the gplots R package was used to 
generate heat maps with dendrograms [37].

Statistics analysis
Chi-square tests were used to compare categorical clini-
cal variables (i.e., female and male indications for assisted 
reproductive techniques, COS protocols, blastocyst 
state, stage and quality, as well as the quality of the ICM 
and TE). The Mann–Whitney test was used to compare 
continuous numerical clinical variables (i.e., maternal 
age, duration of stimulation, the daily FSH dose, and 
the total FSH, hMG and LH levels during stimulation). 
Parametric (T-test) or non-parametric (Mann–Whit-
ney) tests, depending on the distribution normality, were 
used to compare morphometric parameters and NPx 
values of each protein of interest. The mixOmics (6.14) 
and gplots (v3.1.1) R (v.4.0) packages were used to pro-
cess and visualize secretomic data. Receiver operating 
characteristic (ROC) curves were used to assess the dis-
criminatory power of morphometric and secretomic 
variables between study groups, based on the area under 
the curve (AUC) value [38]. Multiple regression models 
were built using parameters that significantly differed 
between groups such as internal axis ratio, roundness, 
circularity, and the concentration of specific protein tar-
gets (MATN2 and TMSB10) in terms of clinical outcome 
to evaluate the predictive capacity of these models. All 
statistical analyses were conducted in GraphPad Prism 
version 8.3.0 for Windows (GraphPad Software, Boston, 

Massachusetts, USA, www. graph pad. com). In all cases, 
p < 0.05 was considered statistically significant.

Results
Baseline demographics and reproductive characteristics
The maternal age, diagnosed causes of female and male 
infertility, cycle-associated variables (controlled ovarian 
stimulation [COS] protocols, hormone doses, COS dura-
tion, and fertilization techniques), transfer-associated 
variables (blastocyst stage, state and quality) of the whole 
cohort and both subgroups are presented in Table 1. The 
demographic and cycle-associated characteristic data 
were unavailable for 2/30 ICSI cycles and thus they were 
excluded from analysis. The mean maternal age of the 
cohort was 36 years. There was no significant age dif-
ference between patients that achieved implantation or 
not (Table 1). In this cohort, 39.28% of women had nor-
mal reproductive function while 17.85% required donor 
oocytes (Table  1; Supplemental Fig.  1A). Alternatively, 
53.57% of men were normozoospermic and 10.71% 
required donor sperm (Table  1; Supplemental Fig.  1B). 
The distribution of indications for ICSI/ET did not sig-
nificantly differ between implantation outcomes (Table 1; 
Supplemental Fig. 1C-D).

Regarding cycle-associated characteristics, the leading 
COS protocol was exclusive FSH stimulation (42.86% of 
cycles). 21.43% of women did not undergo COS because 
donor oocytes were used (Table 1; Supplemental Fig. 2A). 
COS protocol distribution was similar across subgroups 
(Supplemental Figure  2B-C), indicating there was no 
impact on implantation success (Table  1; Supplemen-
tal Fig. 2D-E). While there was no difference in the daily 
dose of FSH (Table  1; Supplemental Fig.  2F), the total 
FSH dose was significantly lower in patients with implan-
tation failures (Table 1; Supplemental Fig. 2G).

In 29 out of 30 cycles, single embryo transferences 
(SET) were performed and only in one case two blasto-
cysts were transferred according to clinical criteria and 
patient’s election; both resulted in negative implanta-
tion. Most ETs involved fresh (89.29%), expanded blas-
tocysts (85.71%), respectively (Table  1; Supplemental 
Fig.  3A-C). Implantation success was not significantly 
associated with the blastocyst stage or state (fresh or 
cryopreserved) (Table  1; Supplemental Fig.  3B, D). In 
this cohort, 50% of embryos were considered good qual-
ity (bb grade) and less than 20% were considered poor 
quality (35) (Table  1; Supplemental Fig.  3E). The inner 
cell mass was graded excellent (a) or good (b) quality in 
82.14% of cases (Table 1; Supplemental Fig. 3G) whereas 
the trophoectoderm was considered top or good quality 
in 60.71% of cases and poor quality (c) in 39.29% of cases 
(Table 1; Supplemental Fig. 3I). No significant differences 

http://www.graphpad.com
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Table 1 Comparison of baseline characteristics and clinical reproductive outcomes

Demographic characteristics Whole cohort
n = 28

Implanted embryos
n = 15

Non‑implanted embryos
n = 13

P‑value Sig

Maternal age (years), mean [IQR] 36 [31 - 42] 36 [31 - 42] 36 [32 - 40] p = 0.954 ns

Female indication for ART, n (%) p = 0.483 ns

 Premature ovarian failure and cycle with donated oocytes 2 (7.14%) 0 (0%) 2 (15.38%)

 Normal reproductive function / idiopathic infertility 11 (39.28%) 5 (33.33%) 6 (46.15%)

 Premature ovarian failure 3 (10.71%) 2 (13.33%) 1 (7.69%)

 Non-obstructive tubal lesion 1 (3.57%) 0 (0%) 1 (7.69%)

 Bilateral salpingectomy / cycle with donated oocytes 1 (3.57%) 1 (6.67%) 0 (0%)

 Genetic malformation 1 (3.57%) 1 (6.67%) 0 (0%)

 Endometriosis 2 (7.14%) 1 (6.67%) 1 (7.69%)

 Endometriosis / cycle with donated oocytes 1 (3.57%) 1 (6.67%) 0 (0%)

 Anovulation 4 (14.28%) 3 (20%) 1 (7.69%)

 Cycle with donated oocytes 2 (7.14%) 1 (6.67%) 1 (7.69%)

Male indication for ART, n (%) p = 0.258 ns

 Cycle with donated semen 2 (7.14%) 1 (6.67%) 1 (7.69%)

 Normozoospermia 15 (53.57%) 8 (53.33%) 7 (53.85%)

 Teratozoospermia 3 (10.71%) 1 (6.67%) 2 (15.38%)

 Criptozoospermia 3 (10.71%) 1 (6.67%) 2 (15.38%)

 Oligoteratozoospermia 1 (3.57%) 0 (0%) 1 (7.69%)

 Astenoteratozoospermia 1 (3.57%) 1 (6.67%) 0 (0%)

 Oligoastenozoospermia 1 (3.57%) 1 (6.67%) 0 (0%)

 Criptozoospermia / cycle with donated semen 1 (3.57%) 1 (6.67%) 0 (0%)

 Astenozoospermia 1 (3.57%) 1 (6.67%) 0 (0%)

Cycle‑associated characteristics
 COS protocol, n (%) p = 0.861 ns

 No COS 6 (21.43%) 3 (20%) 3 (23.08%)

 FSH only 12 (42.86%) 6 (40%) 6 (46.15%)

 FSH + hMG 6 (21.43%) 3 (20%) 3 (23.08%)

 FSH + LH 4 (14.29%) 3 (20%) 1 (7.69%)

Duration of stimulation (days), mean [IQR] 11 [7 - 19] 12 [10 - 19] 10 [7 - 15] p = 0.115 ns

Daily FSH dose (IU/day), mean [IQR] 264 [84—360] 290.8 [84—360] 235 [100—300] 0.053 ns

Total FSH dose during stimulation (IU), mean [IQR] 2909 [1200—4200] 3383 [1592—4200] 2340 [1200—3600] p = 0.005 **

Total hMG dose during stimulation (IU), mean [IQR] 282 [0—1500] 247.9 [0—1500] 322.5 [0—1500] p = 0.858 ns

Total LH dose during stimulation (IU), mean [IQR] 266 [0—2100] 350 [0—2100] 165 [0—1650] p = 0.444 ns

Fertilization technique, n (%) NA NA

 ICSI 28 (100%) 15 (100%) 13 (100%)

Embryo state, n (%) p = 0.232 ns

 Fresh 25 (89.29%) 13 (86.67%) 12 (92.31%)

 Frozen 3 (10.71%) 2 (13.33%) 1 (7.69%)

Blastocyst stage, n (%) p = 0.630 ns

 BC 1 (3.57%) 1 (6.67%) 0 (0%)

 BE 24 (85.71%) 13 (86.67%) 11 (84.62%)

 BHi 3 (10.71%) 1 (6.67%) 2 (15.38%)

Quality of transferred blastocyst, n (%) p = 0.118 ns

 aa 1 (3.57%) 0 (0%) 1 (7.69%)

 ab 2 (7.14%) 2 (13.33%) 0 (0%)

 bb 14 (50%) 7 (46.67%) 7 (53.85%)

 bc 6 (21.43%) 5 (33.33%) 1 (7.69%)

 cc 5 (17.86%) 1 (6.67%) 4 (30.77%)

Quality of ICM, n (%) p = 0.246 ns
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in embryo quality distribution were observed between 
subgroups (Table 1; Supplemental Fig. 3F, H, J).

Overall, no cycle-associated variables, COS protocols, 
hormone doses, SET type, or embryo quality assessments 
were associated with implantation success. Implanta-
tion was achieved in 53.57% of cycles leading to a clinical 
pregnancy rate over 90% and a live birth rate over 75%. 
Biochemical pregnancies accounted for 6.67% of implan-
tations, and 21.43% of clinical pregnancies ended in mis-
carriage (Table 1).

Morphometric analysis of implanted versus non‑implanted 
embryos
Forty-three morphometric parameters were measured 
in 32 blastocysts (Supplemental Table  3), which were 
homogenously subdivided according to their ability to 
implant. Five of the forty-three morphometric param-
eters were associated with significant differences between 
implanting and non-implanting embryos (Fig. 1; Supple-
mental Table 4). Notably, four out of five morphometric 
parameters described the shape of the embryo’s internal 
contour, defined as the circumference with respect to the 
trophoblast cortex, not the zona pellucida. This suggests 
that embryos with a more rounded and spherical shape 
are more likely to implant. Specifically, internal circular-
ity and roundness were found to be significantly higher 
in implanting embryos (p < 0.01 in both cases; Fig. 1A-B; 

Supplemental Table  4) whereas the internal axis ratio 
and angle were significantly higher in non-implanting 
embryos (p < 0.05 in both cases; Fig.  1C-D; Supplemen-
tal Table 4). Finally, implanting embryos were associated 
with a significantly thinner trophoblast width (p = 0.0270; 
Fig.  1E; Supplemental Table  4). With the exception of 
the internal angle, the individual values observed for the 
other four clinically-relevant morphometric parameters 
tended to be more dispersed for non-implanting embryos 
than implanting embryos (Fig. 1; Supplemental Table 4). 
Hence, implanting embryos showed less variation in the 
morphometric parameters (excluding internal angle) 
compared to non-implanting embryos. This suggest 
that implanting embryos tend to have a more spherical 
and rounded morphology with a thin trophoblast width, 
whereas non-implanting embryos showed greater vari-
ability in morphometric measurements.

Secretomic analysis of implanted versus non‑implanted 
embryos
Out of 94 proteins analysed in SBM, 86 were quantifiable. 
Six proteins were excluded due to failure to be quantified 
in > 50% of the samples. Twelve of the thirty-two (37.5%) 
SBM samples had insufficient volume for PEA, leaving 
SBM samples from 11 (34.4%) implanting and 9 (28.1%) 
non-implanting embryos available for analysis. sPLS-DA 
revealed that most embryos with the ability to implant 

This table includes data from 28/30 cycles that had complete study data. Implantation rates were calculated considering all transfer cycles (n = 28). Biochemical 
pregnancies and clinical pregnancy rates were calculated per positive implantation cases (n = 15). Miscarriage and live birth rates were calculated per clinical 
pregnancy (n = 14). Chi-square tests were used to compare categorical variables (i.e., female and male indications for ART, COS protocols, blastocyst state, stage 
and quality, as well as the quality of the ICM and TE). The Mann–Whitney test was used to compare continuous numerical variables (i.e., maternal age, duration of 
stimulation, the daily FSH dose, and the total FSH, hMG and LH levels during stimulation. In all cases, p-values < 0.05 were considered statistically significant

IQR interquartile range, COS controlled ovarian stimulation, FSH follicle stimulating hormone, hMG human menopausal gonadotropin, LH luteinizing hormone, IU 
international units, ET embryo transfer, BC cavitated blastocyst, BE expanded blastocyst, BHi blastocyst initiating hatching, ICM inner cell mass, TE trophoectoderm, NA 
not applicable, ns no significant difference

**p < 0.01

Table 1 (continued)

Demographic characteristics Whole cohort
n = 28

Implanted embryos
n = 15

Non‑implanted embryos
n = 13

P‑value Sig

 A 3 (10.71%) 2 (13.33%) 1 (7.69%)

 B 20 (71.43%) 12 (80%) 8 (61.54%)

 C 5 (17.86%) 1 (6.67%) 4 (30.77%)

Quality of TE, n (%) p = 0.547 ns

 A 1 (3.57%) 0 (0%) 1 (7.69%)

 B 16 (57.14%) 9 (60%) 7 (53.85%)

 C 11 (39.29%) 6 (40%) 5 (38.46%)

Clinical Outcomes
 Implantation rate, n (%) 15 (53.57%) NA NA NA

 Biochemical pregnancy rate, n (%) 1 (6.67%) NA NA NA

 Clinical pregnancy rate, n (%) 14 (93.33%) NA NA NA

 Clinical miscarriage rate, n (%) 3 (21.43%) NA NA NA

 Live birth rate, n (%) 11 (78.57%) NA NA NA
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had a distinct secreted protein profile than embryos 
without the ability to implant, although there was slight 
overlap between groups (Fig.  2A). The top ten proteins 
distinguishing implantation fate are presented in Fig. 2B. 
Interestingly, the top three proteins related to implanta-
tion outcomes with the loading plot (Matrilin-2, MATN2; 
legumain, LGMN; thymosin beta-10, TMSB10) were also 
found to be differentially secreted by implanting and 
non-implanting embryos (p < 0.05; Fig. 2B-C). Implanting 
embryos secreted significantly more MATN2 and LGMN 
(p < 0.01 in both cases; Fig.  2D-E) and significantly less 
TMSB10 (p < 0.05; Fig. 2F) than non-implanting embryos.

Predicting human embryo implantation potential 
with morphometric and secretomic data
To develop a reliable, non-invasive method to identify 
embryos with the ability to implant, combinations of the 
five significant morphometric parameters were used to 
build an implantation prediction model. The internal axis 
ratio and internal roundness of day 5 blastocysts were 
more reliable image-based markers (AUC > 0.8, p < 0.01 in 
both cases; Fig.  3A-B) than internal circularity, internal 
angle and trophoblast mean width (AUC > 0.7, p < 0.05 in 
all cases) (Supplemental Table 5). The model combining 
internal axis ratio, internal roundness and internal circu-
larity predicted the likelihood of implantation with the 

Fig. 1 Morphometric differences in implanting and non-implanting embryos. Column plots displaying day 5 embryo internal circularity (A) 
and internal roundness (B) expressed as ratios ranging from 0 to 1, indicating shape roughness and circle-like shape respectively. The internal axis 
ratio between the major and minor embryo axes (C) and internal angle of the best-fit elipse (D), and mean trophoblast width (E) are also presented. 
Morphometric measurements are defined and illustrated in Supplementary Table 1. Successful implantation was defined as a serum b-hCG 
levels > 5 mIU/mL nine days after embryo transfer. Data is presented as the mean ± standard deviation. Dots correspond to individual measures. 
Statistical differences in morphometric measurements between implanting and non-implanting embryos were evaluated with the Mann–Whitney 
test. *p < 0.05; **p < 0.01

Fig. 2 Secreted protein signature of implanted and non-implanted embryos. A Sparse Partial Least Squares Discriminant Analysis (sPLS-DA) 
showing grouping of implanted (1) and non-implanted (0) embryos based on the secreted protein profile. B Loading plot displaying the ten 
proteins highest (red) and lowest (blue) abundance in implanted (1) and non-implanted (0) embryos. C Logarithmic scale of raw p-values 
from the unpaired t-test (-log(raw.p)) for each compound. D-F Normalised protein expression of differentially secreted protein markers 
between implanting and non-implanting embryos. *p < 0.05

(See figure on next page.)
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highest accuracy, with 81.25% specificity and sensitiv-
ity and an AUC of 0.8418 (p = 0.001). The AUCs and 

predictive performance of the models with subpar accu-
racy are presented in Supplemental Table 5.

Fig. 3 Implantation predictive models based on non-invasive secretomic and/or morphometric parameters of day-5 embryos. A-G ROC 
curves plotting the true positive rate (sensitivity) against the false positive rate (1-specificity) to evaluate the performance of seven different 
implantation prediction models Embryo morphometry-based models were developed using the internal axis ratio (A) or internal roundness (B) 
alone, or a combination of the internal axis ratio, internal roundness and internal circularity (C). Similarly, embryo secretome-based models were 
developed using the secreted protein levels of MATN2 (D) and TMSB10 (E) alone or in combination (F). A model integrating five morphometric 
and secretomic parameters (G) was found to have the best performance. iA, internal angle; iAR, internal axis ratio; iR, internal roundness; iC, internal 
circularity; MATN2, Matrilin-2; TMSB10, thymosin beta-10
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When considered individually, ROC curves highlighted 
MATN2 and TMBS10 as reliable predictive biomark-
ers of embryo implantation (AUC > 0.8, p < 0.05 in both 
cases; Fig.  3D-E), whereas LGMN alone was a fair bio-
marker (AUC = 0.7333, p = 0.08; Supplemental Table  5). 
Further, multiple logistic regression models showed that 
combining secreted MATN2 and TMSB10 protein levels 
efficiently discriminated implanting and non-implanting 
embryos (AUC = 0.94, p < 0.01; Fig.  3F) while models 
based on other secreted marker combinations did not 
accurately predict the likelihood of implantation (Supple-
mental Table 5).

Remarkably, a model integrating MATN2 and TMSB10 
secreted protein levels with morphometric parameters 
(i.e., internal axis ratio, internal roundness and internal 
circularity) was able to predict implantation failure with 
100% accuracy and implantation success with 90.91% 
accuracy (AUC = 0.9333, p = 0.0015; Fig.  3G; Supple-
mental Table 5). These findings highlighted the untapped 
potential of these non-invasive biomarkers. According 
to our results, the combination of increased MATN lev-
els, reduced TMSB10 secretion and three key cell shape 
descriptors (internal axis ratio, roundness and angle) 
yielded the most accurate non-invasive signature for pre-
dicting implantation likelihood in our cohort.

Discussion
Our study highlights the clinical utility of embryo mor-
phometry and the secretomic profile of spent blastocyst 
medium, identifying five non-invasive biomarkers of 
human implantation potential.

Notable limitations of gold-standard embryo mor-
phological assessments are the potential inter-observer 
biases, subjective nature, and broad grading catego-
ries. Leveraging embryo morphometrics is a promising 
strategy to overcome these limitations [39], as granu-
lar, quantifiable data can be objectively collected from a 
wide range of parameters [40]. The present study reports 
the largest set of morphometric parameters evaluated 
in implanted and non-implanted blastocysts. A total 
of five morphometric parameters—four related to the 
internal shape of the embryo and one to the trophoblast 
thickness—were found to differ significantly between 
implanting and non-implanting embryos. Embryo shape 
descriptors like internal circularity, roundness, and axis 
ratio were found to be the most reliable morphometric 
predictors of implantation (AUC: 0.7852, 0.8262, and 
0.8203, respectively).

Our results align with previous studies reporting 
enhanced predictive power of embryo morphometry in 
cleavage-stage embryos [32, 33, 40] and blastocysts [39, 
41–46] compared to classical morphology grading. Most 
studies performing morphometric-based evaluation to 

assess embryo implantation potential [40, 41, 43, 45–47] 
and pregnancy rates [39, 44] corroborate that increased 
embryo and ICM area are associated with implantation 
and pregnancy success. Despite neither of these two 
parameters significantly differing among our subgroups 
of implanting and non-implanting blastocysts, implant-
ing blastocysts tended to have a slightly larger external 
embryo area. Conversely, the similar ICM sizes observed 
between subgroups may have been because more than 
70% of the embryos had a good quality ICM according 
to the ASEBIR criteria. Similarly, more than 95% of blas-
tocysts in our cohort were either expanded (85.71%) or 
had initiated hatching (10.71%), which could explain why 
the blastocele cavity measurements, which are directly 
associated with expansion degree, were found to be simi-
lar regardless of the implantation fate. In contrast, 40% of 
the embryos in the whole cohort exhibited poor tropho-
blast quality. Although morphological-based assessment 
of trophoblast quality was not related to implantation 
potential, our morphometric analysis associated thinner 
trophoblast width with a higher likelihood of implanta-
tion; thus, indicating that this trophoblast-associated 
morphometric parameter depicts more accurately the 
role of trophoblast features in implantation success.

Many studies have overlooked cell shape descriptors 
[39–47]. Here, we showed that internal embryo shape 
was markedly different between embryos that implanted 
or not, supporting that round, spherical embryos with 
a thinner trophoblast cortex are more likely to implant. 
This observation aligns with the findings of our previous 
study, where increased embryo roundness in cleavage-
stage embryos was associated with higher implantation 
potential [33].

Most studies proposing morphometry-based embryo 
assessment [39–47] or morphokinetic evaluations of 
time-lapse images [48–54] for embryo selection often fail 
to combine image-based assessments with non-invasive 
markers that reliably reflect embryo physiology. Here, 
we overcame this limitation by evaluating the embryo 
secretome with a set of 94 proteins involved in develop-
mental programming. One of the major strengths of this 
study is the implementation of PEA technology to over-
come the typical limitations inherent to classical prot-
eomic approaches as mass spectrometry (MS), which are 
constrained by the limited sample volume available [55, 
56]. Besides, PEA technology has already demonstrated 
high sensitivity and specificity in detecting low-abun-
dance proteins, making it a powerful tool biomarker dis-
covery [35, 57].

The BSM highlighted three embryo-derived proteins 
(Matrilin-2 [MATN2], legumain [LGMN], and thymo-
sin beta 10 [TMSB10]) which were differentially secreted 
by implanting versus non-implanting blastocysts. The 
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three-protein signature effectively discriminated embryos 
according to their implantation potential. The most accu-
rate negative and positive implantation prediction mod-
els were obtained when either combined secreted protein 
levels of MATN2 and TMSB10 or the set of three pro-
teins (MATN2, LGMN, TMSB10). In our cohort, blasto-
cysts were most likely to implant when they oversecreted 
MATN2, a multi-adhesion adaptor protein interacting 
with different extracellular matrix proteins [58], and the 
protease LGMN [59], but diminished TMSB10, a pro-
tein involved in cell proliferation and cancer progression. 
Exacerbated secretion of proteins involved in extracellu-
lar matrix communication such as MATN2 might con-
tribute to the profound tissue remodelling and embryo 
invasion into the maternal endometrium during later 
phases of implantation [60, 61]. In addition to role of 
MATN2 in tissue remodelling at the embryo-maternal 
interface, there is evidence of MATN2 mediating inflam-
matory processes [62]. Thus, embryo-derived MATN2 
may contribute to the pro-inflammatory environment 
that is required for embryo implantation [63, 64]. Simi-
larly, the secretion of proteases such as LGMN [59] could 
be hypothesized to support the embryo-endometrial 
crosstalk by allowing the implanting embryo to partici-
pate in remodelling the endometrial niche for a successful 
invasion [59, 65]. Finally, TMSB10 has an established role 
in promoting cell proliferation during cancer progres-
sion [66–68], but its implication in embryo development 
and implantation-related processes remains unexplored. 
Implanting blastocysts secreting lower levels of TMSB10 
may be experiencing a shift in the cell proliferation/dif-
ferentiation balance that promotes embryo cell lineage 
differentiation, while non-implanting embryos may be 
proliferating beyond control. However, this assump-
tion requires further functional studies. Noteworthily, 
although the molecular functions of the three protein 
targets align with the embryo implantation process, there 
is a possibility that these proteins are downstream effects 
rather than drivers of implantation. This is supported by 
studies in animal models, which have not reported gross 
abnormalities in knock-out mice [69]. Hence, while their 
differential expression in implanting versus non-implant-
ing blastocysts is a significant finding, it does not defini-
tively establish a causal link. It is equally plausible that 
these proteins serve as markers or downstream effects 
of other processes driving successful implantation. The 
hypothetical roles of the secreted markers identified in 
this study in the implantation mechanism should be vali-
dated trough larger-scale in-vitro or in-vivo experiments.

A major limitation of the current pilot study is the lim-
ited sample size, which can lead to the curse of dimen-
sionality. To address this challenge, several strategies 
were employed. Initially, image-based features were 

compared individually between groups. For the analysis 
of the 94 secreted proteins, sparse Partial Least Squares 
Discriminant Analysis (sPLS-DA) was implemented. 
sPLS-DA mitigates the curse of dimensionality by perfo-
ming dimension reduction and feature selection, creating 
latent variables that capture the most relevant informa-
tion while reducing the number of variables in the model. 
This approach minimizes overfitting, improves computa-
tional efficiency, and addresses multicollinearity. Subse-
quent models and ROC curve analyses were constructed 
using only the significant image-based and secreted pro-
tein parameters, resulting in streamlined models based 
on individual or a limited number of significant key 
parameters.

Despite the efforts to overcome the challenges of ana-
lyzing high-dimensional data, it is crucial to acknowl-
edge that the small sample size restricts the scope of this 
study to a small-scale interpretation. While the results 
are promising, the limited sample size and the fact that 
this is a single-center study mean that the findings should 
be viewed as preliminary exploration of a potential non-
invasive signature. Further validation in larger and inde-
pendent cohorts is needed to confirm our results.

Morphometric parameter measurement, easily per-
formed using open-source software like Fiji, can be fur-
ther automated using AI tools to minimize operator error. 
The objective and quantitative nature of morphometric 
assessment offers significant advantages over traditional 
qualitative morphological evaluations. Additionally, com-
mercially available proximity-based assays enable rapid 
protein quantification delivering results in under two 
hours with minimal hands-on time. Once the key protein 
targets (MATN2, LGMN, and TMSB10) identified in this 
study are validated, the next step will be to develop indi-
vidual proximity-based immunoassays for these markers. 
The integration of this image-based and secreted protein 
signature could allow implantation potential predictions 
within 2–3 h of embryo evaluation, making it feasible 
for same-day assesment at embryo transfer, enhancing 
its clinical potential. In conclusion, this work represents 
a step forward in the field of non-invasive embryo selec-
tion, combining a signature of secreted proteins with a 
morphometric profile associated to likelihood of implan-
tation. Our predictive model provides a reliable alterna-
tive for clinics without time-lapse systems or access to 
preimplantation genetic testing.
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types in female (A) and male (B) participants with complete study data. 
(C-D) Chi-square tests found no statistical differences (p > 0.05) between 
subgroups of patients who achieved implantation or not. DO, donated 
oocytes; DS, donated sperm; NRF, normal reproductive function.

 Supplementary Material 4: Supplementary Figure 2. Comparison of 
implantation outcomes based on controlled ovarian stimulation (COS) 
protocols. Pie charts showing the proportion of COS protocol types in all 
IVF cycles (A), and subgroups of patients with positive (B) and negative (C) 
implantation outcomes. (D) Chi-squared tests showed no statistical differ-
ences in implantation outcomes based on COS protocols (p > 0.05). Violin 
plots depicting the (E) duration of COS protocols and (F) daily dose of FSH. 
Box and whiskers plots depicting the total doses of FSH (G), hMG (H) and 
LH (I) administered during COS. Data are presented as the mean ± stand-
ard deviation. The Mann–Whitney test was used to compare the duration 
of stimulation, daily FSH dose, as well as the total FSH, hMG and LH 
administered during COS. COS, controlled ovarian stimulation; FSH, fol-
licle stimulating hormone; hMG, human menopausal gonadotropin; LH, 
luteinizing hormone; IU, international units. ns: no statistically significant 
differences. **p < 0.01.

 Supplementary Material 5: Supplementary Figure 3. Comparison of 
implantation outcomes based on embryo stage, quality and state. Pie 
charts showing the proportion of (A) cavitated blastocysts (BC), expanded 
blastocysts (BE), blastocysts that initiated hatching (Bhi) by day 5; (C) fresh 
or cryopreserved blastocysts; (E) embryo, (G) inner cell mass (ICM), and 
(I) trophectoderm (TE) quality graded using the ASEBIR criteria, with “a” 
representing top quality and “c” representing poor quality. Note, the first 
letter of the embryo grading refers to the inner cell mass grade whereas 
the second letter refers to trophectoderm grade. (B, D, F, H, J) Chi-square 
tests showed implantation outcomes were not statistically different based 
on blastocyst stage, state, and quality (p > 0.05 in all cases). ns, no statisti-
cally significant differences.

 Supplementary Material 6: Supplementary Table 3. Descriptive statistics of 
morphometric parameters.

Supplementary Material 7: Supplemental Table 4. Comparison of 
morphometric measurements in implanting and non-implanting day 5 
blastocysts.

 Supplementary Material 8: Supplemental Table 5. Comparison of the 
predictive performance of models based on morphometric and/or 
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