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Abstract

In the development of prediction models, unsupervised Ai/ML systems are particularly susceptible
to over fitting, tailoring to the build data set, and are insufficiently robust when tested on live, and
not strictly parameter controlled, inputs. This is acutely seen in IVF Embryo selection tests, where
group classification of success and failure can be inaccurate and are blurred. i.e. failure can be non-
implantation, non-implantation due endometrial receptivity, biochemical pregnancy and first-
trimester implantation loss. Based on our previous studies of metabolomic analysis and utilisation in
Ai/ML prediction model algorithms, mass peak feature variables in spent blastocyst medium (SBM)
predict which IVF blastocyst-embryo had the greatest chance of success. To operationalise, we took
a probabilistic based prediction algorithm approach to create a simpler and more informative scoring
system. Generated from a cohort of 385 individual MALDI-ToF Mass Spectrometry SBM sample
spectra, we developed a more statically robust Bayesian based algorithm approach for a
preimplantation metabolomic test for blastocyst metabolic competence (PMT-BC). This system
results in direct input of analysed spectra, to output clinically informative probability scores and in
a stratified probability format requested by embryologists. Visual user friendly, results are displayed
in the form of a battery charge scaling and relates to metabolic systems being found in optimum
ratio’s. The more metabolite ratio/systems found in the optimum the greater the probability of viable
implantation. This opens up accessible metabolic profiling to the non-biochemist embryologist and
implementation of metabolomic, PMT-BC, testing in the Clinical IVF centre. Furthermore, failure of
high PMT-BC scoring IVF Blastocyst-Embryos will help define and quantify, failed fertility due to
endometrial receptivity issues.

Keywords: pre-implantation embryo selection; IVF, mass spectrometry; non-invasive; spent
blastocyst media; metabolomic profiling; blastocyst competence; Bayesian probability; endometrial
receptivity

Introduction

An estimated 10% of the population in some countries are being conceived through IVF [1]. With
clinical indications for IVF expanding, the proportion of children conceived through IVF will be
increasing. Thus, the requirement to increase the effectiveness of such treatments, including the
economics and time-efficiency of selecting the most functionally viable embryo for transfer, is acutely
felt. Each clinic operates its own adapted and optimized protocols for embryo culture, testing, and
transfer. The question is whether embryologists and decision-makers in the laboratory would be
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willing to adapt their protocols for the potential of having a more valuable screening test, with the
associated increase in the live birth rates? Physicians’ reluctance to change and to adopt new
technology, is widely recognized [2,3]. However, reproductive medicine physicians and
embryologists, have been more willing to do so. Such as with the adoption of PGT-A, embryologists
had to change their protocols to match the operational requirements of the aneuploidy diagnostic test
[4,5].

Into this space metabolomics has emerged as a new front runner as a promising non-invasive
method for assessing blastocyst competence; by analysing the biochemical composition of spent
embryo culture media (SBM) [6,7]. Unlike traditional morphological assessment, metabolomics
provides a functional snapshot of embryonic metabolism, offering insights into viability and
implantation potential. Key metabolites are being correlated with developmental outcomes,
supporting its use as a complementary selection tool in IVF [8,9]. Ongoing advances in analytical
techniques and machine learning are enhancing its diagnostic value [10,11].

However, with increasing demands for better performance, efficacy standards and overall
workload in IVF clinics; the need for the most robust, cost-effective, non-invasive, and user-friendly
testing capabilities is recognized. The willingness to adapt clinical practice, in order to adopt cutting-
edge technology, the technology must consider more the operational requirements of the user. Thus,
requiring hatching [12] and fresh media culturing prior to transfer or vitrification [10,13], is not as
dramatic a change to IVF protocols as compared to what has happened previously.

Nevertheless, for the translation of “discovery concepts” from the research laboratory to use in
IVF clinics; the practicality and efficacy of an SBM Metabolomic competency test for blastocyst-
embryo selection has to face compromises and be modified to the reality of clinical practice.

In the development of a metabolomic assessment system of SBM we had a strict sample inclusion
criteria: day5 PGT-A confirmed Euploid, hatched, FET IVF embryos only [10,12]. However, in
everyday practicality the proposed test needs to be applied to fresh and frozen blastocyst transfer
(FET). PGT-A testing and confirmation of euploidy must not be a requirement. Whilst “day5” hatched
has to be flexible to accommodate blastocysts in the process of hatching, but not fully hatched, and
at day -5/ 6 even day-7 in vitro culture. In addition the output data has to be informative and yet easily
understandable by the embryologist.

Furthermore, the yes or no concept, as seen in PGT-A of euploidy versus aneuploidy, has proved
unreliable and litigious [14,15]. Indeed, given all the stages at which a pregnancy failure can occur;
successful pregnancies (and IVF pregnancies) are a function of probability and not certainty [16].
Thus, at best a test can only indicate a probability of success, and selection based on such tests, tips
the balance of probabilities in favour of successful blastocyst-embryo implantation and live birth.

In this respect an embryologist faces multiple dilemmas: A simple high, versus low probability
may be completely unhelpful as the choice may be between all high or all low probability scoring IVF
blastocysts. This has proved a particularly contentious issue in aneuploidy testing, as all PGT-A
abnormal blastocyst-embryos are discarded, regardless if the issue in reporting is of complex mosaic
or only segmental positives [17,18]. There is also accuracy and precision issues; the always present
false positive and false negative rate of a test [19]. Thus, particularly in reproductive medicine, a
single test result given as a definitively determinist is not only wrong, but also extremely detrimental.
For example, in the adoption of PGT-A testing, this has resulted in women with low probability IVF
Success going to zero prospect of achieving a successful pregnancy; as potentially viable blastocyst,
scored by PGT-A as “defective”, have been discarded [20].

Thus, a graduation scale of probability of implantation/viability, in any assessment test of which
blastocyst-embryo to select for transfer or storage, is much more clinically valid. This is not only a
clinical matter of treatment management toward successful IVF, but also for holistic wellness;
managing patient emotional expectations.
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Methods and Data Samples

Optimisation and Development of a Robust Metabolic Probability Score Profiling Test

Operationally, given sampling volume errors and blastocyst drop-culture volume differences,
in our supervision of the Ai/ML we adopted marker ratio analysis in order to reduce variability by 3-
5 fold in metabolite absolute intensity-quantification values. This is critical when establishing what
marker values distinguish viable implantation from other groups; such as no implantations,
biochemical pregnancies and first trimester spontaneous abortions.

This not only corrected for sample to sample variation and other such adverse volume of culture
media effects; but also inherent instrumentation confounding factors. For example absolute intensity
measurement have to be corrected due to mass spectrometer detector responses and laser desorption
energy fluctuation, over time.

The peak ratio normalising all the spectra being inputted, effectively overcomes all these issues,
making spectral data robust and directly comparable.

However, other biological variable features needed to be addressed: We have previously
described how hatching influences the metabolic profile seen in SBM and how the metabolic
signatures predicting implantation alone, as opposed to viable implantation, as identified by Ai/ML,
overlap but are not identical [12,21].

Thirty five metabolite biomarkers were being factored in the Ai/ML algorithms. However, only
19 were common to both implantation and viability algorithms. The relative importance of some were
greater than others in the algorithmic decision trees. Our next step in creation of a robust, practical,
valid clinical IVF use, prediction algorithm; was to look at the key component markers identified by
the Ai/ML analysis [10,21] and reduce to only the most significant components.

Moving from Ai/ML “Black Box” Algorithm to a Functional Probabilistic Algorithm

Further interrogation of our Ai/ML algorithms identified which markers alone and in ratio with
specific other peaks, significantly correlated with outcomes.

A generic rule is that you need a minimum of Ten individual sample entries per variable being
utilised in your Ai/ML system build. This then has to be tested by a unique data set not previously
seen by the algorithm (a naive data set). The entire Ai/ML algorithm process can remain unclear with
no functional insight but yield answers. The confidence level in such systems is largely dependent on
the quality of inputted data and its sample n-value, i.e. approaching millions of samples for complex
factor/variable computing algorithms [22].

Reducing the number of variables in an algorithms makes a system more robust and less prone
to overfitting data, which is a major weakness of Ai/ML. However, this can be at the expense of
sensitivity (more so than specificity) and a compromise has to be reached with respect to available
data. By normalising we reduced algorithms inputted factors by half; i.e. one correlating metabolite
peak divided by another correlating peak.

We moved this further in the development of PMT-PC by only considering the mechanistic
biological significance of only using the ratio of the most statistically significant associated identified
metabolite peaks that were also potentially seen in day5 day6 and day7 blastocyst-embryos in the
process of hatching rather than just being present in fully hatched embryos.

In moving to a more practical approach to SBM samples that will be tested, we tailored the
prediction algorithm and in so doing we took a Bayesian probability approach to the reporting
algorithm. Thus providing a graduation of probability and not a yes/no or even high or low
probability classification.

In this development process 400 pre outcome analysed SBM MALDI-ToF mass spectra from day
5 hatched, and transferred blastocyst were selected from our database of prospectively analysed SBM
spectra for comparison. Fifteen of the selected spectra were subsequently rejected for
incomplete/uncertain outcome data or poor spectra not matching QC checks. Of the remaining three
hundred and eight five, 193 (50.1%) resulted in viable implantation pregnancies (detectable heart beat
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at 16 weeks gestation). The remaining 192 failed to implant or were, biochemical and first trimester,
losses.

Results

Previous Ai/ML analysis of SBM spectra had identified thirty five metabolite mass peaks
between 250m/z and 1000m/z correlating with blastocyst implantation only and/or viable IVF
Embryo implantation (at 16 week gestation) [10,12,21]. Analysis showed that seventeen ratio pairs
(Mr.), from these mass peak identified metabolites, had the highest statistical association with
implantation and or viable implantation.

The optimum arithmetic range for the individual Mr. that correlated with implantation and
viable implantation was then determined (see Figure 1).

In multiple comparisons seven pairs of peak mass defined ratio (Mr.) showed substantive
changes in probability. Semi- independent, these Mr. biomarkers displayed additive increase in a
Bayesian type scoring system; such that the more Mr. in the optimum range the greater the
probability of implantation and viable pregnancy (Figure 2).

However, consistent with the fact that the input data contained a significant number of viable
blastocysts (metabolically competent) that resulted in failed clinical viable transfer, the negative
predictive value of the test i.e. lack of the metabolic biomarkers in optimum ratio, showed a much
stronger and statistically significant regression than the positive predictive value because of the
number of metabolic competent blastocysts (BMT-BC -true positives/TP ) inherently mislabelled as
(clinical) true negatives (TN). (Figure 3A). Never-the-less using a Bayesian type approach to PPV and
NPV calculation, a cut off was established that those scoring less than PMT-BC of 3 had (a high
confidence score of) significantly lower probability of IVF success and those scoring greater than
three, a (high confidence score of) significantly higher probability of IVF success. (Figure 3B).
Furthermore, a probability of success could be assigned to every score and therefore individually to
each IVF Blastocyst-embryo.

Discussion

The next major step in assisted reproductive technology is the ability to select the IVF blastocyst
Embryo that will implant and result in a live birth. Thus, evaluation tests have been introduced; from
visual (Gardner scoring) and morphometrics (time lapse and image analysis); genetics via aneuploid
detection (PGT-A); and now biochemistry signatures through metabolomics [6,7].

Becoming pregnant and giving birth relies on multiple factors and circumstances occurring and
is therefore a matter of when biology, physiology and biochemistry start to align [23]. Maternal age
can alter their relative effects but it remains a matter of “chance” [24]. Thus, test claiming definitive
classifications, and extrapolated in commercial marketing were always unrealistic and going to lead
to litigation [14,15].

Yet research into identifying tests for blastocyst/embryo competence, the quantitative scientific
mathematics of certainty - accuracy (TP + TN/ (TP + TN + FP + FN) has dominated the approach.
Despite, one of the many major stumbling block has been the lack of scientific certainty surrounding
the definition of outcome groups and identification of the competent blastocyst-embryo against
which we evaluate biomarkers:

e  Firstly, is the definition of success. Blastocyst Implantation alone does not guarantee live birth

and is only one of the 2 tissue specific functional feature of blastocyst competence; trophoblast
cell competence and not, but it is linked to, inner cell mass competence [25].

e  Secondly, although the number of blastocyst achieving live birth can be counted; that is not all
the competent IVF Blastocyst/embryos, as there are many other causes of IVF failure which are

due to maternal physiological factors, such as endometrial physiology [26].
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Thus, many IVF competent Blastocyst-Embryo fail, and are miss classified as incompetent and
true positives and true negatives are unknown; FN and FP cannot be calculated and therefore neither
can accuracy. The in ability to accurately identify the target population — IVF competent blastocyst-
embryos to transfer - makes identification of feature that are characteristic, and therefore act as
biomarkers distinguishing the incompetent IVF blastocyst, particularly difficult.

However, the mathematics of chance and probability is well developed and extended in
applications of biochemistry and biological game theory [27,28]. In IVF we control some key factors
and, on average, 30% of blastocyst transfers result in success. Furthermore, knowing that live birth
can only arise from within the IVF competent blastocyst-embryo competent population, we have a
derived defined population of success which should have an enrichment, or greater representation,
of the defining biomarkers than in the non-live birth population. Thus, the mathematics of probability
association that tests hypotheses, such as a Bayesian approach, are required. We chose to compare
near equal numbers of Viable implanting versus non-implanting and failing pregnancies to enrich
the sampled data set of metabolic biomarkers of blastocyst-embryo competence.

Comparing relative probabilities of success, be it implantation or viability at 16 weeks of
gestation, differences in the percentage incidence of features therefore identifies biomarkers of the
Competent IVF blastocyst-embryo [29]. The mathematics of chance are not straight forward nor
simply linear; but the more associating biomarkers the greater the probability of success and is a
process not susceptible to Ai/ML algorithm overfitting [30].

Here we have followed a Bayesian approach incorporating prior knowledge gained from our
Ai/ML studies of metabolomic spectral patterns and IVF blastocyst outcomes, and Bayesian
definition of positive predictive value (p ViablelTest+) and negatives predictive value (p Not
viable | Test-). Individually each BMT-BC score of number of Mr. in optimum ratio had an increasing
probability of correctly identifying viable implantation, clinically the most metabolically competent
blastocyst-embryo to transfer.

The cumulative enrichment of implanting versus non- implanting blastocysts at each cutoff
category e.g. less than 3 or equal & greater than 4 Mr. ratio pairs at optimum - PMT-BC Score, were
calculated.

This, along with calculated positive and negative predictive values, were more biological
informative: Negative predictive values correlated in a tight liner regression against Mr. PMT-BC cut
off values (r=0.99 ). However, positive prediction values correlated, but not in a simple linear
regression (r= 0.94). This is entirely consistent with a significant minority of IVF blastocyst transfers
failures being due to endometrial receptivity and other issues, but not blastocyst-embryo
competence. This creates a bias of inaccuracy, or deviation, for PPV but not NPV (which PPV should
mirror). In clinical IVF success situations this deviation from predicted biological success in
pregnancy is biologically and clinically informative of the nature of an individual’s infertility.

Thus, absence of the identified metabolic markers described by the PMT-BC test (zero or low
number of Mr. at optimum), is indicative of probable non-viability and implantation incompetent
IVEF blastocyst-embryos. Conversely, presence of increasing metabolic biomarkers in ratio, identifies
viable/competent blastocyst-embryo. Therefore any subsequent failure after transfer of high PMT-BC
scoring Blastocyst-embryo SBM samples is indicating infertility due to endometrial receptivity and
other reproductive physiology causes/issues.

PMT-BC is a robust preimplantation metabolic blastocyst competence test: Orthogonal to
Gardner -like visual morphometrics and PGT-A evaluation, matching real-life needs of the IVF-
Embryology clinic: Stratifying the probability of a pre-transfer IVF Blastocyst-Embryo for successful
viable implantation. Furthermore, a high score in PMT-BC is also addressing the identification and
clinically defining of endometrial receptivity failure, cases & incidence; vis-d-vis the identification of
competent blastocysts, true positives, but clinical negatives/failed IVF transfers.

Ethical Approval: All couples gave consent for the culture media to be used. The study was approved by
VCRM'’s Institutional Review Board (fshararaVCRMED20230126).
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