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INTRODUCTION

Non-invasive selection of optimal embryos for transfer in ART is challenging, but magnetic resonance spectroscopy (MRS) offers a promising solution owing to its chemical sensitivity and non-

invasive nature. Although MRS has been effective for larger organismes, it faces sensitivity challenges with embryos. This study aims to overcome these obstacles by using innovative microchip-

based MRS sensors to establish the presence of metabolic markers in different categories of preimplantation embryos.

MATERIALS & METHODS

We performed micro-MRS measurements on in vitro-produced (IVP) bovine embryos from Paladis GmbH, Zurich, and in vitro-matured oocytes produced in collaboration with UZH Zurich. Bovine

ovaries were sourced from a local abattoir, and oocytes were isolated, cultured for 24 h (IVM), fertilized with cryopreserved bull semen, and monitored until blastocyst formation (Day 6+). Embryos

for MRS analysis were cryopreserved using Kitazato kits, then thawed and cultured for 3 h before MRS analysis. Samples were loaded in a T-nL micro-MRS probe with pre-equilibrated BO-1VC

medium and measured for 50 min at 38.5°C. Statistical analysis used the Lilliefors test for normality and the Mann-Whitney U-test (P < 0.05). Biomarkers were compiled, nhormalized, reduced with

PCA, and analyzed via machine learning with Monte Carlo simulations (N=10,000), applying SMOTE for training and testing on separate datasets.

RESULTS

[ POC of MRS-Markers in Bovine Embryos }

Two cohorts of IVP-arrested embryos were analyzed: early-stage (8-cell to early morula) and late-
stage (morula to blastocyst) (n = 32). Late arrested embryos showed significant elevated levels of
mono-unsaturated lipids, as well as S2 marker, with high statistical significance (p<0.05) when
compared to early arrested embryos. The Poly-unsaturated, Mono-unsaturated, Saturate and Si

lipid markers were equally present in both cohorts (p>0.05).
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Figure 1: Correlation of MR spectra with early and late arrested embryos. (A) Experimental Workflow. (B)
Representative micro-MRS spectrum of naturally late arrested embryo. (C) Micro-MRS biomarkers comparison of Late vs
Early arrested embryos. Bars represent SD. Each dot corresponds to an embryo. P values and U values are reported on
each comparison in the graph. Mann-Whitney U-test with statistical significance set at p<0.05.

[ Markers of Development in Bovine Oocytes }

In vitro-matured oocytes were analyzed using micro-MRS, identifying several biomarkers with
statistically significant differences between cohorts (data not shown). Machine learning coupled
with Monte Carlo simulation projected classifier performance, achieving accuracy ~68%,
precision ~66%, and sensitivity ~72%. Figure 2B illustrates a scatter plot of the first two principal

components, highlighting a distinct cluster for mature oocytes (green).
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Figure 2: Classification of oocytes maturation based on MRS biomarkers. (A) Experimental Workflow. (B) Typical first
and second principal components [A.U] observed after applying SMOTE (Synthetic Minority Over-sampling Technigue) to
balance the dataset (NTOT=102, NNM=63, NMAT=39). Red: immature oocytes; big green: original mature oocytes; small
green: synthetic mature oocytes. (C) Monte Carlo simulation of an SVM classifier performance.

[ MRS-Markers of in-vitro Development in Bovine Embryos }

IVP embryos were cultured up to Day 2 post-fertilization (8-cell stage) and cryopreserved. On
the day of MRS analysis, embryos were assigned unique IDs (n = 61 embryos). After MRS, the
embryos were cultured in single 50-pyL drops of medium overlaid with oil. Embryos were
IMmaged on Days 8 and 10 (6 and 8 days after MRS) to assess development. After verifying the
presence of MRS biomarkers, machine learning models were applied to evaluate the
effectiveness of Day 2 (8-cell) stage MRS biomarkers in predicting subsequent embryo
development. Despite no significant P-values were found, the biomarkers formed distinct
clusters. The obtained performance indicators were accuracy (85%-88%), precision (65%-82%),
and sensitivity (93%-94%). This analysis revealed up to 80% precision in predicting the embryo

development to the blastocyst stage solely based on the metabolic profile obtained at Day 2.
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Figure 3: Ccorrelation of MR Spectra with developmental outcome in 8-cell embryos. (A) Experimental Workflow.
(B) Biomarkers quantification for ARR (n=54) and DEV (n=7) groups. Normality assessed with Lilliefors test, with
significance determined by t-test or Mann-Whitney U Test (U). Biomarkers include Intensity (-Int), Skewness (-Skew),
and Kurtosis (-Kurt) within specific chemical shift regions of the spectrum: PLC [0.83-2.8], Saturate [1.1-1.5], S1 [0.83-1.03],
S3 [2.23-2.36], SaturatelL [1.3-1.5], SaturateR [1.1-1.3]. Saturate-Ampl and Saturate-Width are derived from Lorentzian fit
parameters in the Saturate region.
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Figure 4: Classification of developmental potential based on 8-cell embryos MRS biomarkers. (A) Typical first and
second principal components [A.U] observed after applying SMOTE (Synthetic Minority Over-sampling Technique) to
balance the dataset (NTOT=61, NARR=54, NDEV=7). Red: arrested embryos; big green: original developed embryos; small
green: synthetic developed embryos. (B) Monte Carlo simulation of a k-NN classifier performance.

CONCLUSIONS

« Micro-MRS successfully detected metabolic biomarkers in IVP bovine embryos, distinguishing between early and late arrested embryos naturally arrested during in-vitro culture.
« Machine Learning enhanced the predictive power of Micro-MRS, achieving 80% accuracy in predicting blastocyst development based on Day 2 metabolic profiles, underscoring its potential for

embryo metabolic screening.

« Micro-MRS biomarkers coupled with Machine Learning demonstrated 70% accuracy in assessing oocyte in-vitro maturation, achieving a significant milestone as the first application of this

technology at the single-cell level.
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