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Infertility affects approximately 15-20% of individuals of reproductive age
worldwide. Over the last 40 years, assisted reproductive technology (ART)
has helped millions of childless couples. However, ART is limited by a low suc-
cess rate and risk of multiple gestations. Devising methods for selecting the
best gamete or embryo that increases the ART success rate and prevention of
multiple gestation has become one of the key goals in ART today. Special
emphasis has been placed on the development of non-invasive approaches,
which do not require perturbing the embryonic cells, as the current mor-
phology-based embryo selection approach has shortcomings in predicting
the implantation potential of embryos. An observed association between
embryo metabolism and viability has prompted researchers to develop meta-
bolomics-based biomarkers. Nuclear magnetic resonance (NMR) spectroscopy
provides a non-invasive approach for the metabolic profiling of tissues,
gametes and embryos, with the key advantage of having a minimal sample
preparation procedure. Using NMR spectroscopy, biologically important mol-
ecules can be identified and quantified in intact cells, extracts or secretomes.
This, in turn, helps to map out the active metabolic pathways in a system.
The present review covers the contribution of NMR spectroscopy in assisted
reproduction at various stages of the process.

1. Introduction

Infertility is a highly prevalent global health condition affecting approximately
15-20% of individuals of reproductive age worldwide. The major causes of
infertility in women include anovulation, anatomical problems and endometriosis,
whereas sperm disorders are the important causes of male infertility. Several
lifestyle factors such as stress, obesity, urbanization-based work pressure and
sexually transmitted infections can impair the fertility of the individuals [1,2].
Assisted reproductive technology (ART) has played an important role to partially
overcome the low natural reproductive ratio [3]. Over the past 4 decades, ART has
revolutionized the treatment of infertility, and more than 8 million live births have
taken place since the first successful implementation of in vitro fertilization (IVF) in
1978 [4,5]. The demand for ART has increased significantly in recent years; using
which a large number of successful pregnancies have been achieved [3,6].

The ART fertility clinic success rate report of the USA showed that a total of
284 385 cycles of ART were performed in 2017 [6]. Age-dependent variation is
seen in the type of ART cycles (non-donor or donor oocyte cycle) [3,6,7] and
the live-birth rate is inversely related to the patient age [3,7]. As per the 2016
registry of the European Society of Human Reproduction and Embryology
(ESHRE), after treatment with IVF and intracytoplasmic sperm injection (ICSI),
the clinical pregnancy rates per transfer were 34.8% and 33.2%, respectively
[8]. Multiple pregnancies pose a potential health risk for the mother, including
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pregnancy-induced hypertension and postpartum haemor-
rhage [9]. Hence, several countries (such as Finland, Sweden,
Belgium, Australia and New Zealand) have employed elective
single embryo transfer to reduce the possibility of multiple
gestation and eventual complications [10,11]. However,
many countries are yet to adopt the strict regulations in ART
practice, presumably due to the expense involved coupled
with the patient’s hope to achieve pregnancy in each cycle
with better chances. In general, the transfer of multiple
embryos is primarily driven by the number of available
embryos and overall embryo quality. Thus, the selection of
an ideal gamete or embryo that results in a higher success
rate together with reduced multiple gestations is the prime
focus of ART today, and any improvements in the existing
methods for preimplantation embryo assessment would be
beneficial for this purpose.

Morphological evaluation is the conventional approach
used to select a healthy embryo for transfer as it is considered
to be safe, specific and simple [12]. However, this static mode
of evaluation has drawbacks, such as subjectivity of the eva-
luator, frequent assessment during embryo development and
culture stability [13]. Evaluation efficacy has been enhanced
with the recent development of time-lapse imaging systems
allowing embryologists to perform a non-invasive and
dynamic evaluation of embryo quality in the steady culture
environment [14,15]. In addition, an important observation
has been made about the uptake and release of metabolites
by sibling human embryos, having identical development
and morphology showing significant differences, which
could be attributed to genetic and functional heterogeneity
in gametes [16,17]. The metabolic activity of the embryo
has been found to be an indicator of its viability [18].
Hence, it is considered important to assimilate the metabolic
profile of the embryo in the selection process to predict its
implantation potential. It provides specific metabolic
markers to identify competent embryos. Thus, understanding
the metabolism of embryos is central to ART.

In recent years, different analytical techniques have been
used in ART for studying embryo metabolism. These include
near-infrared spectroscopy [19], Raman spectroscopy [20],
mass spectrometry (MS) [21] and nuclear magnetic resonance
(NMR) spectroscopy [22,23]. NMR spectroscopy is one of the
widely used methods for identification and quantification of
molecular species in a sample and is an alternative to MS,
which is another popular technique used in metabolomics
[24-28]. NMR is quantitative and does not require special
sample preparation approaches like separation or derivatiza-
tion that is needed for MS. However, compared with liquid
chromatography-coupled mass spectrometry (LC-MS) or gas
chromatography-coupled mass spectrometry (GC-MS), NMR
is often 10-100 times less sensitive, and NMR-based meta-
bolomics study usually provides reliable information on
metabolites with concentrations greater than 10 uM [25].

The present review covers the contribution of NMR
spectroscopy in assisted reproduction at various stages of
the process. The general principles of NMR in metabolomics
are first introduced, followed by its application to various pro-
cedures in ART. Apart from this, NMR plays a significant role
in understanding the pathophysiology of polycystic ovarian
syndrome (PCOS) and endometriosis, which are known to
impair fertility in reproductive-age women [29,30]. NMR
studies performed on animal models are also included as
they have helped in probing the embryo directly and provided

translational knowledge, which is not possible in human [ 2 |

embryos due to ethical restrictions [31].

NMR has emerged as one of the important analytical tech-
niques used in metabolomics. Despite its lower sensitivity,
NMR spectroscopy offers many unparalleled advantages
over other analytical techniques for studying the metabolic
profile of a system [32-35]: (i) the NMR spectra obtained are
highly reproducible [36]; (ii) the non-destructive nature of
NMR analysis allows repeating experimentation and the
sample can be recovered and stored for a long time and used
for other studies [37]; (iii) NMR spectroscopy is inherently
quantitative as the signal intensity is directly proportional to
the metabolite concentrations and the number of particular
nuclei in the molecule [38,39]; (iv) NMR can be used for both
targeted and untargeted analyses of metabolic flux both
in vitro and in vivo [40]; (v) its inherently quantitative nature
enables precise quantification of precursors and products
[41]; and (vi) it is well suited for studying intact tissues,
organs, and other solid or semisolid samples through solid-
state NMR (ssNMR) and magic-angle spinning (MAS-NMR)
[42]. However, NMR also has its disadvantages, with the
most significant challenge being its lack of sensitivity. In
recent years, the development of ultra-high-field NMR spec-
trometers of 1 GHz and above [43], and advancements made
in NMR probes, have greatly improved the application of
NMR in metabolomics. Cryogenically cooled probes can
increase signal sensitivity by a factor of 3—4. In addition,
microprobes or microcoil probes (1 mm TXI and 1.7 mm TXI
probes) not only enhance sensitivity but also reduce the
required sample size down to a few microlitres [44-47].

ART in humans is a multistep process involving the
superovulation of the ovaries through gonadotropin adminis-
tration to the female partner followed by the surgical
aspiration of oocytes which are suspended in the follicular
fluid (FF), within the ovary. Oocytes surrounded by the
granulosa and cumulus cells are assessed for their maturity
and prepared for fertilization. Parallelly, healthy spermatozoa
are separated from the seminal plasma of the ejaculate, and
fertilization is achieved. Resulting embryos are developed in
the laboratory using appropriate culture media, under a
controlled environment for 3-5 days. Morphologically
normal embryos that followed a developmental timeline [48]
are selected for transfer to the patient’s womb.

NMR-based metabolomics study generally has three
major steps as depicted in figure 1: (i) sample preparation,
(ii) recording NMR spectra from the sample, and (iii) analysis
of these data to identify metabolites, biomarkers and
biological pathways.

The first step in the NMR-based metabolomics involves the
collection and preparation of the sample. The volume of the
sample needed for NMR data collection is 10-600 pl depend-
ing on the probe and the sample tube used. With the advent
of low volume and high-sensitivity NMR probes, it is possible
to reduce the sample volume even to 5 pl as mentioned above
[44-47]. In most of the studies, the sample collected from the
source can be directly used for NMR analysis after adding a
small amount of deuterated solvent [35]. However, in cases
where the sample contains macromolecules such as proteins
and lipids, the large difference in the size of the
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Figure 1. Schematic illustration representing the key steps involved in an NMR-based metabolomics study.

macromolecule and small molecules of interest hamper the
analysis due to significantly broadened NMR peaks, resulting
in low accuracy of quantification. It is therefore necessary at
times to remove high-molecular-weight molecules from the
samples. There are two approaches to address this problem.
One is to physically separate the macromolecules from the
small molecule metabolites using ultra-filtration, solid-phase
extraction or protein precipitation using organic solvents
such as methanol, acetonitrile, acetone, perchloric acid and tri-
chloroacetic acid [32].
macromolecules to be present in the sample but suppress
their signals in the spectrum by special NMR techniques.
This is described below while discussing the NMR methods.

The second step is NMR data collection, where the primary
goal is to identify and assign the metabolites present in the
sample; the metabolites are identified based on their signature
pattern in the NMR spectrum. This is usually accomplished
using the one-dimensional proton NMR experiment and a
set of homonuclear and heteronuclear two-dimensional (2D)
NMR experiments. A detailed description of the theory of
NMR experiments is beyond the scope of this review. The
reader is encouraged to refer to articles on the basics of
NMR [49-51]. In certain cases, it is not necessary to remove
the protein component from the sample (as alluded to
above). The signals from the proteins can be suppressed

An alternative is to allow the

using specific NMR experiments. Typically, one-dimensional
(1D) NMR spectra are recorded using a ‘T2 filter’ procedure,
which attenuates the signal from macromolecules such as
proteins and lipids [52,53]. One potential drawback of not
removing macromolecules from the sample is that it can
affect the quantification of small molecules that interact with
the macromolecules [54].

The third step is the analysis of NMR spectra, which
involves the identification/assignment of metabolites and
their quantification using 1D and 2D NMR. The 2D NMR
techniques are preferred for obtaining assignments (identifi-
cation) of the metabolites observed in the NMR spectrum
and generally, it is acquired in the beginning phase of the
study. The most popular 2D NMR techniques are 'H-'H
total correlation spectroscopy (TOCSY) and 'H-"°C hetero-
nuclear single quantum coherence spectroscopy (HSQC)
[36,55]. Figure 2 illustrates the three types of NMR spectra

required for peak assignments (1D and 2D NMR). The spectra
show the signatures of a mixture of glucose and alanine pre-
pared in an aqueous solvent. Peak assignments are
highlighted. The identification of metabolites by NMR is
accomplished by the comparison of observed spectral parame-
ters such as the observed chemical shifts, peak intensities and /
or coupling patterns with those observed in the reference data
of the molecules available in various databases. Ideally,
these reference spectra should be available for all measured
nuclei (‘H, *C, >N and °'P), and for all types of NMR
spectra and for all detected metabolites (about 1000 com-
pounds), at the commonly used spectrometer frequencies
(500-800 MHz) [35]. Through collaborative efforts of several
metabolomics-based laboratories from around the world,
these data are now available in several high-quality, web-
based NMR spectral databases containing reference NMR
spectra for hundreds of metabolites collected over a wide
range of spectrometer frequencies and for a diverse range of
nuclei. Most of these databases are freely accessible, including
the Human Metabolome Database (HMDB), the Biological
Magnetic Resonance Data Bank (BMRB), the Madison-
Qingdao Metabolomics Consortium Database (MMCD), the
NMRShiftDB2 database and the AIST spectral database in
Japan [56-60].

Software such as Chenomx NMRSuite [35] can be used
for identifying compounds based on the 1D NMR spectrum.
Some open-source programs have been designed to identify
compounds by deconvoluting 1D "H NMR spectra [61,62].
Several programs such as complex mixture analysis by
NMR (COLMAR), MetaboMiner, PROMEB and ChemSMP
are also available to identify compounds from 2D NMR
spectra [63-66].

The assignment process is hindered if the spectrum is
crowded with overlapping cross-peaks. The conventional
approach is to use higher dimensional (2D) experiments.
However, higher dimensional experiments require prohibi-
tively long experimental acquisition time (in the order of
days). Fast NMR data acquisition is, therefore, important in
metabolomics in general. Towards this end, several methods
have been developed to shorten the data collection time
[67-76]. Our group has developed methods for rapid NMR
data acquisition and assignments of molecules in molecules
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illustration of NMR signal assignments in metabolomics
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Figure 2. lllustration of assignment of peaks and identification of metabolites from NMR. The 1D and 2D NMR spectra recorded on a mixture of glucose and alanine

sample is shown.
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Figure 3. Schematic of the utility of NMR spectroscopy in assisted reproduction and a variety of sample types that have been studied using NMR spectroscopy.

mixtures [65,66,72,73,75,77-79]. These methods provide
time gain of a significant magnitude when compared with
conventional NMR methods.

3. NMR spectroscopy in assisted
reproduction

NMR spectroscopy has contributed significantly to identify
and quantify biomarkers in the field of ART during the last
3 decades. As discussed above, in NMR, the level of metab-
olites in each ART sample type can be quantified accurately.
Any statistical change (increase or decrease) in the metabolite
levels, when compared with an appropriate control, helps to

identify specific molecules or biomarkers that are responsible
for the condition being studied. However, in a clinical scen-
ario, NMR-based evaluation of various samples from ART is
consumptive as NMR tested samples like spermatozoa, testi-
cular tissues, embryos, etc. cannot be used in ART procedures.

Initial studies on oocytes, spermatozoa and embryos using
NMR spectroscopy focused on using *'P NMR to understand
energy metabolism and related physiological conditions like
intracellular pH, motility and growth [80-83]. The application
of NMR spectroscopy in assisted reproduction on a variety of
experimental samples collected during various stages of ART
procedures is schematically represented in figure 3. All the
samples are prepared using different methods, and relevant
preparation methods are explained below. Following this,
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Figure 4. One-dimensional proton NMR spectrum of a one-step embryo culture medium (Vitromed) with peak assignments shown for metabolites.

the NMR-based studies that have been carried out till date are
discussed for each sample type.

3.1. Studies on the embryo spent culture medium

3.1.1. Composition of the different embryo culture media

In clinical IVE single embryo transfer is gaining popularity
to prevent multiple gestations. The blastocyst is preferred
over cleavage stage embryos due to a higher implantation
rate of single blastocyst transfer [84,85]. A widely used
approach is to investigate the metabolome of the culture
media in which the embryo is grown, termed as the
embryo spent culture media (SCM) as it is a clear reflection
of an embryo’s physiological or pathological status. Embryo
SCM is altered by the developing embryo. A range of meta-
bolic parameters of embryo SCM has been studied using a
variety of non-invasive techniques [86-88]. Studies have
focused on addressing the association between amino acid
uptake, embryo viability and ART outcome [89-91]. NMR
can detect the metabolic changes non-invasively and correlate
with the embryo growth or implantation [23,92,93]. The prep-
aration of SCM for NMR studies has been described earlier
[23]. A representative 1D NMR spectrum of an embryo cul-
ture medium is shown in figure 4. The identity/assignment
of metabolites is indicated on the peaks.

Human embryo culture was first introduced using a
physiological salt solution containing glucose, lactate and
pyruvate, supplemented with the patient’s serum [94]. Later,
the addition of amino acids to the culture medium both in
humans and animals demonstrated a positive impact on
embryo development and viability [95]. The quantitative
analysis was done by Houghton [96] to estimate the amino
acid turnover of individual human embryos during the early
period of embryo development. Presently, most of the
human embryo culture media are enriched with amino acids,
energy substrates, growth factors and vitamins.

Currently, two types of media are used in human ART,
one-step/single step (monoculture), and sequential culture

systems [97]. One-step systems use a single medium com-
ponent to support the zygote up to the blastocyst stage
development. On the other hand, sequential media are used
in two stages, first from zygote to the compaction stage and
second from the compaction stage to the blastocyst stage.
Various factors such as type of incubator, temperature, humid-
ity and air quality result in some changes in the culture
medium [98], and collectively, these alterations are known to
affect (epi) genetic integrity of the embryo [99]. It has been
shown that Sequential ISM1 (ORIGIO) medium resulted in a
better embryo quality than that of a one-step Universal IVF
(ORIGIO) medium [100]. Another study compared four
one-step culture media compositions that varied notably in
pyruvate, lactate and amino acids and concluded that blasto-
cyst development was affected by culture media and its
interaction with reduced (5%) and ambient (20%) oxygen [101].

Tarahomi et al. [101] compared 15 commercial embryo cul-
ture media to understand the composition and stability during
storage. This study revealed that no two-culture media had an
identical composition. Further, significant variation in the
stability of the components is observed [102]. These obser-
vations suggest that there is no consensus on the media
composition for human embryo development. The variation
in media components is the primary cause of the conflicting
observations in NMR studies on SCM. Sunde et al. [98] com-
municated a strong case for demanding full transparency
and the scientific rationale concerning the compositions
of embryo culture media as the composition can have a
significant influence on the metabolic activity of the embryo.

Initially, SCM metabolites were studied by the modified
ultra-microfluorescence method [18]. The global metabolo-
mics approach using NIR and Raman spectra was used for
the first time to assess the human embryo viability which
could differentiate the embryos that resulted in successful
or failed implantation [19]. Subsequently, NMR spectroscopy
was applied to profile the human embryo SCM metabolites
which revealed a high level of glutamate and alanine/lactate
ratio in the embryos that were implanted and delivered suc-
cessfully [22]. An attempt was made to combine non-invasive
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metabolomics and chemometric approach for the selection of
best quality ART-derived embryos [103]. Subsequently, sev-
eral groups have used NMR for profiling the metabolites in
the SCM. The outcome of such studies is summarized in
table 1 and discussed in detail below.

Pudakalakatti et al. [23] showed that an embryo with high-
implantation potential consumed more pyruvate from the
media for their energy requirements, converting it to into
lactate by lactate dehydrogenase or into alanine by transamin-
ation reaction to avoid the accumulation of ammonia, which
causes cell toxicity. The excess alanine thus generated resulted
in the increase in alanine in the spent media of embryos with
high-implantation potential. Hence, low pyruvate to alanine
ratio in the SCM was proposed as a potential biomarker for
the selection of embryo with high-implantation potential [23].
On the other hand, a study conducted by Nadal-Desbarats
et al. [107] characterized the metabolites from individually cul-
tured human embryos on days 3 and 4 [106]. However, this
study failed to demonstrate any statistical significance between
successful and unsuccessful implantation groups. Wallace et al.
characterized the SCM metabolites from patients undergoing
single, double and triple embryo transfers to predict the preg-
nancy outcome. This study identified a wide variety of ratios,
among which formate/glycine ratio was 17-fold high in day
2 embryo resulting in successful implantation, whereas the
citrate/alanine ratio was 22-fold less in the same group.
Further, a significant increase in the ratios of formate/3-
amino butyrate, formate/acetate, formate/glutamate and for-
mate/tryptophan were characterized for embryos that
resulted in successful implantation [107].

While the above studies found the value of NMR analysis
in predicting ART outcome based on the level of the metab-
olites in SCM, Rinaudo ef al. [104] reported that NMR-based
metabolomics profiling cannot be used as a tool for the predic-
tion of embryo implantation potential. Similarly, Kirkegaard
et al. [84] found no correlation between the NMR metabolic
profile of SCM and pregnancy outcome, patient or treatment
characteristics.

Notably, the NMR-based profiling of metabolites from
SCM has also been used for the differentiation of euploid
and aneuploid embryos [105]. Sanchez-Ribas et al. [105] inves-
tigated the metabolomic signatures of trisomy 21 (T21)/
monosomy 21 (M21) and the euploid embryos using NMR
and were able to differentiate between normal and aneuploid
embryos; they also suggested that isoleucine levels could
be used as a differentiator between T21/M21 and normal
embryos. Similarly, embryo derived from sperm carrying
high DNA damage had reduced pyruvate uptake from the
media, reduced alanine released into the media and glutamine
intensity was significantly low in the SCM [109]. These
approaches suggest the possibilities of using SCM metabolites
as non-invasive biomarkers in screening out the genetically
abnormal embryos. However, there needs to be more research
to understand the association between the turnover of metab-
olites and the type of genetic lesions and the extent of genetic
abnormalities in the embryos.

Laser-assisted hatching (LAH) is one of the commonly
used techniques in ART to enhance the implantation process.
Since hyperthermia induced by the laser can negatively affect
the embryo viability, Uppangala et al. [108] conducted a study
to understand the impact of LAH on embryo quality. LAH
was done on day 2 of the embryonic development and
SCM collected 24 h later was subjected to NMR analysis.

Metabolites were compared between LAH embryos and the
sibling unhatched embryos and results suggested that the
LAH does not affect the metabolism of embryos [108].

The metabolic profiling of SCM has also been carried out
in mouse and bovine embryo culture systems. Unlike human
embryos, murine models allow the selective manipulation of
embryo growth conditions and to monitor the effectiveness of
such changes on the embryo metabolism. Historically, bovine
embryos have been used to study early embryo developmen-
tal stages as the early developmental mechanism in cattle and
humans are very similar. Such studies have always contribu-
ted towards the advancement in human IVF procedures. The
details of these studies are summarized in table 2.

Perkel & Madan [111] carried out the first NMR-based
metabolomics study of individually cultured bovine embryos.
The study revealed a difference in the requirement of metab-
olites between slow-growing (SG) and fast-growing (FG)
bovine embryos [111]. Global metabolome analysis of spent
culture medium can also be used for gender differentiation
[83]. A study conducted by Rubessa et al. [83] in bovine
embryos showed that gender-dependent metabolite differ-
ences can be seen in the global metabolome analysis. While
the bovine model is extensively used to understand the patho-
physiology of human reproductive function, cattle are known
ruminants; hence, one can expect significant differences in
the metabolism between bovine and humans. Since the present
review is focused on biomarkers for human IVE there is a
potential pitfall in extrapolating bovine data to the clinical IVF.

D’Souza et al. [93] used mouse embryo SCM to predict
the implantation ability of the embryos which showed the
increased requirement of pyruvate and lactate accompanied
by a significant reduction of pyruvate/alanine ratio in the
SCM. Further, sperm-induced genetic lesions in the embryos
are associated with a significant increase in the uptake of pyr-
uvate and reduced pyruvate/alanine ratio in SCM [113]. Data
from animal studies provide only fundamental knowledge
but cannot be directly extrapolated to human ART due to
species-specific differences in the metabolic requirements,
chromatin architecture and developmental timelines.

Despite the promising observations by several researchers,
embryo SCM metabolomics by NMR has not been imple-
mented clinically, possibly due to technical limitations in
establishing collaboration between ART clinics and NMR facili-
ties, the time requirement for NMR analysis and the need of
experts to interpret the NMR results. Further, the discrepancies
observed so far could be attributed to the great heterogeneity in
the variables used in each study, such as the composition of
embryo culture media, culture conditions, collection technique,
handling, and transportation of SCM, and measurement tech-
nique. Thus, the standardization of variables is essential before
using NMR metabolomics as a complementary or independent
tool for embryo selection in human ART.

The accomplishment of oocyte developmental competence is
crucial for the formation of viable, good quality embryos.
The oocyte growth and development depend primarily on
the nurturing microenvironment of the follicle, including
the FF. The FF consists of exudates of the circulating
plasma, secretion from the follicular and granulosa cells
and essential substances like growth factors, cytokines,
amino acid, energy substrates, steroids, lipids and cholesterol
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that are necessary for the oocyte maturation and fertilization
in vivo [114,115]. Several NMR studies have been performed
in search of a biomarker from FF for assessing the embryo
quality (table 3). The preparation of FF for NMR analysis
has been described [118].

In general, the NMR-based metabolomics characterization
of FF reveal variations in the composition in relation to species
[124], oestrous cycle stage [117,125], seasonal influence [126],
underlying pathology such as PCOS [118,119,123], endome-
triosis [120,122,123], benign and malignant ovarian cancers
[114], other infertility conditions [123] and the size and quality
of the developing oocyte [114,115,126]. Association has
also been established between FF composition and the repro-
ductive potential of the developing oocyte and embryo [116].
Gosden et al. [124] carried out the first NMR-based study
to characterize the FF metabolites from cow, sheep and pig
and showed a species-specific difference in the composition
of metabolites.

Few studies have investigated the clinical value of
FF analysis by NMR in human ART. Wallace ef al. [116] for
the very first time studied FF samples from women under-
going IVF and observed a high level of lactate and choline/
phosphocholine, and a low level of glucose and high-density
lipoprotein (HDL) in the FF collected from the oocyte that fer-
tilized and formed good embryos, compared with the FF
from the oocyte which fertilized but failed to develop further.
Similarly, metabolomic profiling of FF was found useful in
predicting the developmental competence of the human
oocyte, thereby facilitating embryo selection [117].

Factors such as the day of follicular aspiration, size of the
follicle, synchrony of the follicular cohort within the ovary
and patients’ pathology do influence the follicular microenvir-
onment. Gonadotrophin stimulation in ART normally results
in the recruitment of multiple follicles where time-dependent
increase in the follicle size and their synchronous development
play a crucial role in producing mature and competent
oocytes. Follicle size-dependent variation in metabolic profile
was observed in the FF composition [115]. Gérard et al. studied
the FF of the small and large follicles collected from three
different species; cow, sow and mare. Even though there
exists a species-specific difference in the FF composition, in
general, all species were found to have a higher concentration
of oo and B glucose in the large follicles (possibly mature)
compared with the small follicles (possibly immature) [115].
However, it has been reported that not only the follicle size
but also the season and the quality of the follicle have an
influence on the porcine FF composition [126]. Nonetheless,
at this juncture, there is no conclusive evidence to apply FF
metabolites as biomarkers in human ART.

PCOS is one of the major causes of female factor infertility,
affecting 5-10% of women of reproductive age [123]. The
major metabolic dysregulation among PCOS patients is glu-
cose intolerance due to insulin resistance, dyslipidaemia and
hyper-androgenization which eventually influences the fol-
licular environment and oocyte quality. Biochemical studies
of the FF found that carbohydrate/glucose metabolism is
impaired due to hyperinsulinemia in PCOS patients, whereas
NMR-based metabolic profiles have suggested that glucose is
positively correlated with the serum level of anti-Miillerian
hormone (AMH) which is a marker for ovarian reserve. On
the other hand, the level of lactate, pyruvate and alanine
were negatively correlated with AMH. From the metabolo-
mics point of view, glucose, lactate and pyruvate are directly

involved in the glycolytic pathway and cumulus and granu- [ 9 |

losa cells that are responsible for the transfer of energy
intermediate of the glycolytic pathway to the developing
oocyte are unable to do so due to the insulin resistance, leading
to an elevated level of glucose and overuse of the alternative
pathways [119]. A significant difference in the FF metabolites
between PCOS and non-PCOS patients and their impact on
oocyte quality and fertilization outcome was demonstrated
by NMR [123]. Hence, the alterations in pyruvate metabolism,
glycolysis, and amino acid metabolism in FF help in explain-
ing the PCOS pathogenesis and its impact on the oocyte
environment within the follicle [118].

Endometriosis is another major cause of female infertility
which compromises the oocyte quality and implantation
potential. The metabolomics-based analysis of FF collected
from the patient with endometriosis showed elevated concen-
tration of glucose, lactate and pyruvate indicating more
demand for glycolysis and anaerobic metabolism compared
with the healthy control [120,122,123]. On the other hand,
the concentration of acetate, citrate and B-hydroxybutyrate
were reduced in the FF of endometriosis patients [123].
Valine is an essential branched chain amino acid attributed
to the inflaimmatory response in endometriosis patients.
Studies conducted by Castiglione Morelli et al. [123] and Mar-
ianna et al. [120] reported a low level of FF valine, whereas
Karaer et al. [122] showed an elevated level in the endometrio-
sis patients compared with the healthy control. Further, the
concentration of few fatty acids, lysine, choline, glucose, aspar-
tate, alanine, leucine, valine, proline, phosphocholine, total
LDH as well its LDH-3 isoform were found to be reduced in
endometriosis patients compared with the healthy control
[120].

These observations can aid-in understanding the impact
of specific pathological conditions such as PCOS and endo-
metriosis on the follicular microenvironment and how
altered metabolites can further affect the functional ability
of the oocytes in ART.

Restoration of fertility in cancer survivors is a challenging
task and still experimental. It is well known that cancer affects
several metabolic pathways in general. Castiglione Morelli
et al. [121] looked at the metabolite profile of FF from cancer
patients which showed a reduction in the concentration of
asparagine, aspartate, proline, cholesterol, choline, lactate,
lipids compared with the healthy group. Also, an upregula-
tion of the citrate, creatine, glycerol, glycerophosphocholine
and glucose concentration was observed in cancer patients
compared with the healthy control [121]. Hence, NMR-based
metabolomics could serve as a prognostic tool for identifying
and selecting the oocytes in relation to FF metabolites, and
thereby help in predicting the ART outcome when cancer
survivors are undergoing fertility restoration treatment.

Examination of plasma composition during the follicular
and periovulatory phases of the menstrual cycle in patients
undergoing fertility treatment provides insights into the
underlying pathology. PCOS is known to impair oocyte
quality, endometrial receptivity and embryo implantation
potential, which can be captured through metabolites from
several body fluids including blood serum or plasma.
Standard protocols are followed for the collection and prep-
aration of the serum or plasma samples used in NMR
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Table 4. NMR studies of the human blood serum/plasma. Ser, serine; Thr, threonine; Phe, phenylalanine; Val, valine; Leu, leucine; Gly, glycine; Om, ornithine; n
Gl, glucose; Lys, lysine; n.a., not available.

metabolic changes observed

analysis carried out

upregulated downregulated

study type

PCOS Zhao et al. [29] 265 potential metabolic profiles Ser, Thr, Phe, Tyr, Val, Leu Gly
for different phenotypes and Om
of PCOS
repeated implantation failures 'R'o'y'Choudhury 52 metabolic dySfunction ' Vali, adipic acid, Lys, ' na.
(RIF) versus repeated et al. [127] associated with RIF creatine, Orn, glycerol,

implantation success (RIS)

p-Glc and urea

Table 5. NMR studies of the oocytes and embryos. Pyr, pyruvate; Lac, lactate; n.a., not available.

study population

metabolic changes observed

no. of
animals analysis carried out upregulated downregulated
bovine Rubessa na. (911 35+ evaluation of energy consumption during na. Pyr and Lac
oocyte et al. [110] oocytes) gamete co-incubation and reformulation of
IVF media
o Lymanetal o w embryowab|||ty . .us‘in‘g. we e
embryo [128]

[29,30]. A study conducted by Zhao et al. showed that the
difference in serum metabolomic profile in PCOS and control
patients was characterized by elevated glycolysis, reduced tri-
carboxylic acid cycle (TAC), reduced ratio of branched chain
amino acid/aromatic amino acid in PCOS. The results also
suggested upregulated concentration of serine, threonine,
phenylalanine, tyrosine and ornithine in PCOS patients
could be the main reason for ovulatory dysfunction [29].

RoyChoudhury et al. explored the value of serum
metabolites to understand the pathophysiology of recurrent
implantation failures. The concentration of eight metabolites
(valine, adipic acid, lysine, creatine, ornithine, glycerol, p-glu-
cose, urea) were elevated in the serum of patients with
recurrent implantation failure compared with control [127].
Details of these studies are stated in table 4.

These studies have significance not only in identifying
novel metabolic biomarkers that predict specific pathological
conditions but also in better understanding of the metabolic
pathways directly affected during these diseases, which may
provide a rationale for the development of novel therapeutics.

3.4. NMR studies of oocytes and embryos

The oocyte contributes 70-80% towards the successful fertili-
zation and further embryonic development. Hence, knowing
the biochemical status of the oocyte helps to enhance the
reproductive outcome. One of the rate-limiting steps in
ART is the selection of a single embryo with the highest
implantation potential. Understanding the embryo kinetics

and metabolism by NMR may help to tackle this problem.
Towards this end, a few studies have been performed, the
details of which are summarized in table 5. However, it is
important to note that in-cell analysis of oocytes/embryos
is restricted to non-human oocytes and embryos due to ethi-
cal restriction in exposing them to invasive preparation such
as centrifugation and NMR as described earlier [129].
Rubessa et al. [110] used NMR to study the metabolic require-
ments of bovine gametes and embryos during the in vitro
production and thereby made modification in the culture
media composition. This study analysed the pyruvate, lactate
and alanine concentration of SCM during of gametes co-incu-
bation. The concentration of pyruvate was significantly
reduced during the culture of oocyte-cumulus complex
(OCCQ) alone and OCC co-incubated with sperm. This obser-
vation helped investigators to modify the embryo culture
media composition by reducing the concentration of pyru-
vate and lactate which improved the bovine embryonic
development [110].

In-cell NMR analysis of the mouse embryos was conducted
to understand the embryo viability and the study found that
in-cell NMR analysis has an adverse effect on the in vitro devel-
opment of the mouse embryos. However, the observed effect
was mainly because of the medium used for the analysis.
Hence, modification in the analysing medium may provide
better information on embryo viability [128]. However, it is
important to note that exposing embryos to NMR may have
potential long-term detrimental effects, hence practically not
possible to apply this method in a clinical setting.
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Table 6. NMR studies of the testicular tissue. PM, phosphomonoester; ATP, adenosine triphosphate; Pi, inorganic phosphate; n.a., not available; Cr, creatine; Lac, m
lactate; Ala, alanine; Phe, phenylalanine; Tyr, tyrosine.

study population metabolic changes observed
patients/
animals samples  analysis carried out upregulated downregulated
human  Chew et al. 23 23 testicular metabolic Pi/PM PM/B-ATP and PM/
[131] integrity and phospho-diester
differentiation of normal
testicles
rat B Grifﬁn et al.‘ ‘ 6 o 1 differential rﬁetabolbfnics » (r, phdsphatidyicholihé, Lac an‘db na.
[132] profiling Ala
Jarak et al. ‘ 40 o 5 senescence anbd dedihing cholihe, ethanolaminé, myo- betaibne, (Cr and
[133] reproductive potential inositol, glycerol, Phe and Tyr glutathione

3.5. NMR studies of testicular tissue

The biochemical status of the testicular tissue has a direct
influence on the process of spermatogenesis. NMR-based
metabolomics helps to understand the hidden cause of male
infertility. In the experimental set-up, making good use of
NMR spectroscopy, characterization of metabolites could
help in understanding bio-dysfunction of gonads and aid in
developing therapeutic options [130]. The details of such
studies are summarized in table 6. Sample preparation for
NMR analysis has been described earlier [133]. Human testis
was initially studied by Chew et al. [131] using *'P NMR and
found that that phosphomonoester (PM)/p adenosine tripho-
sphate (ATP) and PM/phospho-diester ratios were low in
infertile patients compared with the healthy control, whereas
the ratio of phosphate/PM was high in patients with primary
testicular failure and chronic tubular obstruction compared
with the control. Rat testicular tissue had a high concentration
of lactate, alanine, phosphatidylcholine and creatinine, which
help to meet the energy requirements and to maintain the cell
viability [132]. Jarak et al. [133] addressed the association
between rat testicular senescence and the related decline of fer-
tility using >'P NMR which revealed an age-dependent decline
in the antioxidant metabolites like betaine, creatine and gluta-
thione; the elevated level of phenylalanine and tyrosine;
decrease in nucleotide synthesis (IMP, CMF, ATP) and increase
in testicular content of phospholipid (choline, ethanolamine,
myo-inositol, glycerol) precursors. At present, results are
inconclusive to suggest the utility of testicular tissue NMR
analysis in the diagnosis and clinical management of
infertility.

3.6. NMR studies of spermatozoa

The structural and functional integrity of spermatozoan can
seriously affect its fertilizing ability and the developmental
competence of embryos. NMR has been used extensively to
address the biochemical environment of spermatozoa
(table 7). ®'P NMR analysis of male gametes in the sea
urchin, turbot, Xenopus laevis, etc. have addressed the structure
and differences in functional characteristics [80,139-142].
Using NMR, Smith et al. [143] found that bovine
spermatozoa use an unknown energy source for the

phosphorylation of ATP and thereby maintains acidic cytosolic
pH. This study also found that prolonged incubation of sperm
with media promotes the accumulation of lactate in the sur-
rounding media and leads to an exchange of internal K* for
H", thereby reducing the intracellular sperm pH.

NMR studies have proved useful for the development of
metabolomic markers that signal sperm metabolic impair-
ments. The preparation of spermatozoa for 'H NMR has
been described earlier [135]. NMR profiling of monkey sper-
matozoa collected during different seasons (i.e. autumn and
spring) have shown that there exists a seasonal-dependent
variation in the metabolic profile characterized by a high
level of formate in the autumn season and high level of carni-
tine and acetylcarnitine during the spring season [134]. This
study also found that glycolysis plays a major role to yield
ATP in the monkey’s sperm. Extensive intracellular metabolo-
mics characterization of 69 intracellular metabolites in human
spermatozoa done by the combined application of "H NMR
spectroscopy and gas chromatography—-mass spectrometry
(GC-MS) [135] may describe their function in male gamete
physiology and to help in exploring potential causes for
sperm dysfunction.

Reynolds et al. profiled percoll gradient separated live
human spermatozoa to demonstrate differential metabolomic
signature in relatively low concentration of sperm (approx. 3 x
10° m1™") which could open up the possibilities of developing
metabolomics-based diagnostics to test poor quality ejaculates
[137]. The same group used dissolution dynamic nuclear
polarization (dDNP) to enhance NMR sensitivity to study
the correlation between the energy metabolism and sperm
motility in human which showed '’C labelled pyruvate was
converted significantly into lactate and bicarbonate, indicating
the active glycolytic and oxidative phosphorylation in
progressively motile spermatozoa [136].

3.7. NMR studies of seminal fluid/plasma

Seminal fluid has important roles in sperm survival and
overall fertilization success. Biochemical changes in seminal
plasma composition may alter the fertility potential of the
spermatozoa. It is, therefore, important to consider the impli-
cation of different biomarkers in seminal plasma, both in the
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Table 7. NMR studies of the spermatozoa. Lac, lactate; GPC, glycerophosphorylcholine; Chol, choline; n.a., not available.

study population

animals/

subjects samples

analysis carried out

metabolic changes observed

upregulated downregulated

rhesus Lin et al. [134] 6 na. season-dependent formate, carnitine and Lac
macaque energy metabolism acetyl carnitine
human  Paiva et dl 9 3 endogenous metabolism 42 metabolites identified
[135]
Reynolds na. na. progressive motility versus Lac and bicarbonates na.
et al. [136] oxidative phosphorylation
and lactate fermentation
Reynolds et al. n.a. n.a. metabolomics of live sperm Lac, lipid and na.
[137] (40% and 80%) Chol/GPC
Calvert et al. 97 n.a. glycolysis and oxidative Lac na.
[138] phosphorylation for viable

sperm population

diagnosis and treatment of male infertility. Studies conducted
on seminal plasma using NMR are summarized in table 8.
Seminal plasma preparation for NMR analysis has been
described earlier [86]. The metabolome of human seminal
plasma secretion in patients with vasal aplasia and non-
obstructive infertility revealed that the ratio of citrate/choline
and spermine/choline were twofold higher in these patients
compared with fertile subjects [144]. Further, an attempt to
use NMR profiling of seminal plasma to distinguish the
obstructive and non-obstructive forms of azoospermia and
different forms of spermatogenic failure has shown that
glycerophosphorylcholine (GPC)/choline ratio can serve as
an important parameter to differentiate between different
forms of spermatogenic failure [145].

Time-dependent biochemical changes were analysed in the
seminal fluid by co-incubation with EDTA. NMR profile
revealed a rapid observable change in the conversion of phos-
phorylcholine to choline and uridine-5-monophosphate (UMP)
to uridine [146]. This observation may help in understanding
the interaction between spermatozoa and seminal plasma and
to address abnormalities in the seminal liquefaction process.

Seminal plasma analysis by NMR was used to test the
effects of natural products on sperm functional improvement.
Mucuna pruriens therapy rectifies the hormonic balance of
endogenous metabolites such as alanine, citrate, GPC, histidine
and phenylalanine content in seminal plasma and improved
the semen quality in infertile men [148]. The effectiveness of
Withania somnifera plant extract in male infertility management
showed restoration of lactate, alanine, glutamate, citrate, GPC
and histidine in the human seminal plasma over a period of
three months and reduced phenylalanine level [150]. Similarly,
NMR helped in understating the effects of Eurycoma longifolia
extracts in improving rat sperm concentration by studying
the level of alanine, lactic acid and histidine in the post-treated
rat seminal plasma [156].

The use of NMR for metabolic profiling of seminal plasma
has rendered it as a diagnostic tool for male infertility. Lower
levels of seminal plasma metabolites such as alanine, citrate

and GPC and a higher level of tyrosine, and phenylalanine
were found in oligozoopsermic (decreased sperm number
in the ejaculate) men [149]. Asthenozoospermia (decreased
sperm motility) was characterized by the upregulation or
downregulation of 19 metabolites responsible for lipid
metabolism, phospholipids (choline) metabolism, cholesterol
metabolism, nucleoside metabolism, the Krebs cycle and
energy metabolism [152]. Further, a high level of 5o-cholesterol
and 7-ketocholesterol was clearly evident in asthenozoosper-
mic patients, indicating the degree of oxidative stress in the
group compared with the control [152]. The level of citric
acid, choline, p-glucose, tyrosine, alanine, proline, leucine,
lysine, myo-inositol, lactic acid, threonine, pyruvate, gluta-
mine, valine and isoleucine were high and glutamic acid,
cholesterol and taurine levels were low in the seminal plasma
of teratozoospermia (increased number of morphologically
abnormal spermatozoa) [155]. It has been proposed that
NMR signature of seminal plasma along with semen analysis
data can be used to categorize the different infertility condition
[151]. The model showed a well discrimination between leuko-
cytospermia (pus cells in the ejaculate) and concomitant
varicocele/ex varicocele, also testicular cancer, necrozoosper-
mia (increased number of dead spermatozoa) and
azoospermia (no sperm in the ejaculate) from other conditions.
The metabolites including GPC, a cluster of metabolites consist
of choline, phenylalanine, citrate, lactate, and histidine and uri-
dine played an important role in the clustering different
infertility condition [151]. Oxidative stress can significantly
influence functional and genetic integrity of spermatozoa. Elev-
ated seminal plasma reactive oxygen species (ROS) can result in
the downregulation of tyrosine/tyrosol and tryptophan and
upregulation of the trimethylamine N-oxide levels [156].
Since seminal plasma is a complex biological fluid, NMR
application in studying the metabolites so far have provided
general information on the association between type of sper-
matogonial disorders [144-146,149,151,152,155], and effect of
treatment modalities on change in the level of metabolites
[148,150,156]. Though these observations may not have any
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Table 8. NMR studies of the seminal fluid/plasma. GPC, glycerophosphorylcholine; Cit, citrate; Lac, lactate; Chol, choline; Glc, glucose; Cit, citrate; Ala, alanine; m

His, histidine; GPE, glycerylphosphorylethanolamine; UMP, uridine 5 monophosphate; Thy, thyrosine; Phe, phenylalanine; Lys, lysine; Fra, fructose; Trp,

tryptophan; Cr, creatinine; PCr, creatine phosphate; Gly, glycine; n.a., not available.

study population

metabolic changes observed

zgooovzv:(jlv v'/bjg‘uédv()v v vqbéj/|éu)ho[/vﬁjd'ﬁuv!qu!jqnd/(iapdsje)(bj

animals/
subjects samples  analysis carried out upregulated downregulated
human Lynch et al. [144] 19 19 vas deferens obstruction Cit/Chol and spermine/ n.a.
and sperm antibodies Chol
e 0 o dteentil meaboomis ma GPC Gond e
et al. [145] profiling of different glycerylphosphorylethanolamine (GPE), Cit/Lac, GP(/Lac
infertility condition and GPE/GPC are significant
Tomlins et al. [146] n.a. na. time-dependent changes phosphorylcholine to Ch and UMP to uridine identified
Shamaetdl [147) 37 na. effect of new injectable ~ na.  Glu, Lac, GPC, Chol, Cit/
male contraceptive Lac and GPC/Chol
Gupta et al. [148] 230 230 effect of Mucuna pruriens  Ala, Cit, GPCand His ~ Phe o
Gupta et al. [149] 185 185 oligoazoospermia Phe and Tyr Ala, Cit and GPC
Gupta et al. [150] B0 B0 effect of Withania Lag, Ala, Cit, GPC, His Phe B
somnifera and Glu
B‘o‘n‘e‘chi et al. [15‘1‘]‘ ‘ differeht infértility ” GPC, Chol, Ph‘e,‘ Clt Lac His‘and uridine bidentiﬁ‘ed
83 83 condition
Thang etal (15 6 6 asthenozoospermia 19 metaboltes and So-cholesterol and
7-ketocholesterol are upregulated
Darbandi et al. [153] 151 51 ROS induced changes ~ TMA N-oxide ~ Trp and Tyr/Tyrosol
Mumcu et al. [154] 59 59 oligoastheno Tyr (it, spermine, putrescine,
teratozoospermia o-keto glutaric acid,
Val, Lac, Cr, Lys, Arg
and Gln
Mehrparvar et al. 29 29 teratozoospermia Cit, Ch, p-Glc, -Tyr, 1-Glu, taurine and
[155] 1-Ala, 1-Leu, L-Pro, cholesterol
t-Lys, myoinsitol,
t-Lac, Thr, Pyr, Gln,
Val and lle
rabtb o E‘b‘rahimi et al. [1‘5‘6‘] bbbbb u na. Ala, Lac andH|s ‘ na.

direct implications on human ART, development of specific
biomarkers in predicting genetic and functional integrity of
male gametes non-invasively may open up a new era in the
non-invasive sperm selection.

4. Emerging trends and future challenges

Non-invasive evaluation of embryos in ART clinic has
advanced by multiple emerging techniques such as NMR,
Raman, NIR and MS. Lately, the ability to predict embryo
potential has been enhanced by introduction of time-lapse
imaging systems (TLS) in ART clinics. It allows the assess-
ment of embryo quality without physically removing them
from the incubator. TLS has been used to explore the associ-
ations between the morphologic, morphometric and morpho
kinetic parameters of oocytes, zygotes and embryos, and
their associations with live birth [15,157].

The field of NMR is constantly evolving, and several
new techniques are being developed to improve upon the
limitations of existing NMR-based metabolomics. These
include hyperpolarization methods [158], ultrafast 2D NMR
methods [37,55], pure-shift NMR techniques [159,160] and
hybrid NMR approaches [24,26,161,162]. Inhomogeneous
intact tissue samples can be analysed with the use of high-
resolution magic-angle spinning (HRMAS) spectroscopy
[163,164]. Using HRMAS, tissue samples can be examined
without the need for sample extraction or other sample prep-
aration steps [163,164]. Hyperpolarization methods such as
DNP can be used to enhance the NMR signal intensities of
metabolites, hence improving the sensitivity of NMR exper-
iments [165]. In principle, the sensitivity enhancement of
three orders of magnitude can be obtained [166,167]. DNP
allows for the detection of metabolites present in very low
concentrations [168].



Together, with the advent of new NMR methods and
stronger magnets, NMR spectroscopy is providing a comp-
lementary tool to explore various aspects of assisted
reproduction. There are several isotope labelling methods in
NMR-based metabolomics [78] that can be employed in ART.
NMR serves as a research tool to explore and unravel the
metabolic signature of embryos and to discover biomarkers.
However, in the clinical IVF centre, an NMR set-up is not
needed. Instead, a simple assay or kit-based approach can
be developed to rapidly detect and quantify the biomarkers
on-site that have been discovered by NMR. For detection of
the metabolites at the IVF site, two approaches can be
implemented: (i) a colorimetric assay involving enzymatic
conversion of metabolites followed by detection and quantifi-
cation using absorption spectroscopy, or (ii) HPLC. Both
these methods can be calibrated with known standards and
cross-validated with the quantitative results obtained from
NMR spectroscopy. Our laboratories are currently working
in this direction to develop IVF diagnostic kits.

Precision medicine, an emerging branch of medicine, func-
tions with prospects of the customization of healthcare (i.e.
medical practices, decisions and treatments are tailored to indi-
vidual patients [169]). The introduction of automatized embryo
morphological evaluation using time-lapsed imaging in con-
junction with using artificial intelligence (Al) is an attractive
possibility [15]. Integration of NMR-based metabolomics and
clinical parameters into an AI model will have powerful

diagnostic and prognostic values in assisted reproduction. [ 15 |

This will help embryologists to optimize techniques and per-
sonalize the treatment to maximize the reproductive outcome
in the field of ART.
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